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Over the past few decades, there has been increased research focus on carbon cycling 
within aquatic systems, especially with the changing global climate. Inland waters play a major 
role in the global carbon cycle, but the fundamental features remain poorly understood, 
particularly the large lakes of the world. Our experimental approach assessing the carbon budget 
of Lake Superior, the largest freshwater lake by area, provides spatial and temporal variability 
that has been previously overlooked but may be critical to our understanding on the 
biogeochemical processes controlling the lake. Multiple stations were chosen across the lake, 
both nearshore and offshore, to evaluate the variability in physical mixing regimes and 
biogeochemical processing. Short and long-term carbon consumption measurements were 
coupled to assess the heterotrophic activity relative to the lability of dissolved organic carbon. 
Partial pressure of carbon dioxide (pCO2) was directly measured to determine the metabolic 
nature of the lake and the amount of carbon dioxide (CO2) that fluxes across the air-water 
 
 
interface. The pCO2 results were further coupled with an isotopic approach measuring oxygen-18 
(δ18O) to evaluate how the metabolism of Lake Superior has changed over a decadal scale.  
 A range of environmental factors, including temperature, photodegradation and 
source/quality of organic carbon, influenced short and long-term carbon consumption. In-situ 
pCO2 observations supported a temporal switch in metabolism from the lake being a source of 
CO2 in the spring to being a sink in the summer driven by biological components of the system. 
When the pCO2 results were coupled with the isotopic measurements over the past decade (1999-
2011), Lake Superior was dominated by respiration during isothermal conditions and production 
during stratification. In the past decade, Lake Superior has experienced increased surface water 
temperatures, shifting the metabolic state to a shorter net heterotrophic period in the spring and a 
longer net autotrophic period in the summer. This research highlights fundamental aspects of 
Lake Superior’s metabolism that have been previously understudied, as well as providing key 
information about processes controlling its carbon budget, and giving a better understanding of 
how climate change will continue to impact Lake Superior. 
 1 
 
 
 
 
 
 
 
 
CHAPTER 1.  
Introduction to Assessing Metabolism in Aquatic Ecosystems 
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Carbon Cycling within Aquatic Ecosystems 
Although inland waters consist of a small percentage of the Earth’s surface (Downing et 
al. 2006), they play an important role within the global carbon cycle (Cole et al. 2007; Battin et 
al. 2009; Tranvik et al. 2009). Recent studies of the carbon cycling of inland waters have 
challenged the notion that these systems act as passive pipes, where the organic and inorganic 
carbon that is delivered via terrestrial environments is transported toward the sea without any 
biogeochemical transformations (Cole et al. 2007). Rather, these studies have shown that inland 
waters are active pipes through a combination of abiotic and biotic processes resulting in 
transport, transformation and storage of carbon (Cole et al. 2007; Tranvik et al. 2009, 2018; 
Guillemette and del Giorgio 2011). Inland water systems have the ability to metabolize and 
process organic carbon that has been introduced from terrestrial environments (allochthonous 
sources) in addition to carbon that occurs within a given system (autochthonous sources) 
(Guillemette and del Giorgio 2011). These transformations within aquatic systems are dependent 
on the source, the potential association with minerals and previous alterations that may have 
occurred within the water column or sediment (Zigah et al. 2011).  
Within lakes, carbon can follow three pathways: (1) organic carbon can be stored in 
sediments through flocculation as particulates or integrated into biomass, (2) organic carbon can 
be transformed through photochemical (abiotic) or microbial (biotic) degradation resulting in 
remineralization of carbon dioxide (CO2), or (3) organic carbon can be transported passively 
downstream (Tranvik et al. 2009). The chemical composition of the organic carbon controls the 
accessibility to bacteria (Guillemette and del Giorgio 2011). Consumption by bacteria is linked 
to its reactivity, otherwise known as lability. The organic carbon pools can be broken down into 
a labile, semi-labile and recalcitrant pool. The labile pools can be further divided into a short-
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term pool, a pool of carbon that is highly reactive cycling quickly and a long-term pool, a pool 
removed over the remainder of the incubation with slower turnover (Guillemette and del Giorgio 
2011). Consumption patterns cannot be understood by targeting only one of these reactivity 
pools (Guillemette and del Giorgio 2011). 
Organic carbon, both autochthonous and allochthonous in composition, can serve as an 
important energy source for either bacterial growth and respiration (Tranvik et al. 2009). Net 
ecosystem production (NEP) is defined as the difference between gross primary production 
(GPP) and respiration (R), ultimately representing the metabolic capacity of the system (Cole et 
al. 2000). Metabolically, lakes can be important acting as sinks or sources of carbon. If the NEP 
is positive, there is a greater amount of GPP relative to R, and the system is storing excess 
carbon (net autotrophic). On the other hand, if NEP is negative, R is greater than GPP, and there 
is a flux of carbon from the system (net heterotrophic). In order for respiration to dominate over 
primary production, there must be an allochthonous subsidy (del Giorgio and Peters 1993; Cole 
et al. 1994; del Giorgio and Peters 1994; Duarte and Agustí 1998; Cole et al. 2000; Jansson et al. 
2000, 2008; Tranvik et al. 2009).  
The difference between net autotrophy and heterotrophy within inland waters has led to 
the great metabolic debate. The past understanding was that these systems were considered to be 
net autotrophic where carbon fixation was greater than respiration (Jansson et al. 2000). 
However, recent research has shown that there is a shift in the paradigm and inland waters are 
now considered to be net heterotrophic systems (del Giorgio and Peters 1993; Cole et al. 1994; 
del Giorgio and Peters 1994; Duarte and Agustí 1998; Cole et al. 2000; Jansson et al. 2000, 
2008; Tranvik et al. 2009; Raymond et al. 2013). For systems to be net heterotrophic, 
allochthonous inputs of carbon subsidies to support increased CO2 emissions would include 
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increased inputs of dissolved inorganic carbon (DIC) and inflow of CO2 rich ground or surface 
water (Tranvik et al. 2009). Collectively, streams, rivers and lakes have been estimated to emit 
up to 3.9 petagrams of carbon per year (Pg C yr-1), suggesting a significant role in the global 
carbon cycle (Sawakuchi et al. 2017; Drake et al. 2018). This value has increased from past 
estimates of 2.1 Pg C yr-1 (Raymond et al. 2013), 1.4 Pg C yr-1 (Tranvik et al. 2009) and 0.8 Pg C 
yr-1 (Cole et al. 2007). Wetlands were not included in the Raymond et al. 2013 study due to 
sparse data, but are predicted to emit another ~2.1 Pg C yr-1 (Aufdenkampe et al. 2011). These 
estimates equal roughly 5.7 Pg C yr-1 being transferred through inland waters and approximately 
75% emitted to the atmosphere (Sawakuchi et al. 2017; Drake et al. 2018). Considering the 
amount of carbon that is transported, transformed and stored in lakes and its significant 
contributions to the global cycle, there is a need for better knowledge of these fluxes.  
History and Background of the Metabolism of Aquatic Ecosystems 
 Understanding of the trophic structure and biogeochemical cycling in aquatic ecosystems 
is associated with the metabolic processes that involve both the creation (anabolism) and use 
(catabolism) of all organisms within an ecosystem (Staehr et al. 2012). Although respiration is a 
major player and the center of ecosystem function, much of the past research and knowledge has 
ignored this process and focused heavily on production of ecosystems (Williams and del Giorgio 
2005). Respiration was first incorporated into aquatic ecosystem studies with the Winkler 
technique, but the process of photosynthesis was used for the derivation of respiration rather than 
an understanding of the individual process. In 1952, the creation of the 14C technique surfaced 
with primary focus on photosynthesis. There is a belief that the introduction of this technique 
delayed our understanding of the respiratory process of ecosystems (Williams and del Giorgio 
2005). Photosynthesis continued to be the prime focus through the 1960s until specific studies 
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measured respiration (Pomeroy and Johannes 1966, 1968). In the last few decades, the number of 
respiration measurements published has increased, but the amount of photosynthetic analysis that 
has been done is orders of magnitude larger, resulting in our understanding of respiration to be 
lacking. While our inclusion of respiration continues to expand, the lag of 40-50 years behind 
photosynthetic measurements is extreme. It is unclear why photosynthesis dominated the focus 
of aquatic ecologists, but it can be speculated that heterotrophic respiration was considered to be 
minimal in ecosystems and our comprehension about microbial ecology was lacking at the time. 
Respiration, in some regards, may be more complex due to the various processes, reactants and 
players that are involved. In aquatic ecosystems, the association between photosynthesis and 
respiration is complicated, multifaceted and is still not comprehended to this day (Williams and 
del Giorgio 2005; Tranvik et al. 2018). 
Utilization of a diverse compilation of methods has been necessary in understanding the 
metabolism of aquatic ecosystems, each having their strengths and weaknesses (Williams and del 
Giorgio 2005; Staehr et al. 2012). There are four popular methods used to estimate primary 
production, respiration and net ecosystem production: (1) bottle and chamber incubations, (2) 
diel curve techniques, (3) isotopic analysis and (4) budgets/modeling (Staehr et al. 2012). 
Metabolism was first assessed through direct measurements in bottle incubations that measured 
changes in oxygen concentration in light and dark as a means to assess photosynthesis and 
respiration, respectively (Gaarder and Gran 1927; Staehr et al. 2012). Diel curves were next 
applied to metabolism studies. This method was an alternate to bottle/chamber incubations. It 
allowed for the application of open water measurements to monitor the change in oxygen or 
carbon dioxide in the water column by measuring photosynthesis during the day and respiration 
at night. Diel curves have advanced in the recent years with the addition of sensors that can 
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increase the scales and resolution of measurements (Staehr et al. 2010, 2012). Isotopes are the 
next enhancement in method development. Rates of primary production and respiration can be 
determined through isotopic composition of the isotope of interest, specifically oxygen (16O, 17O, 
18O) and carbon (13C, 14C) (Quay et al. 1995; Russ et al. 2004; Venkiteswaran et al. 2008; Staehr 
et al. 2012). With the application of these different methods, bigger picture budgets and models 
can be created to allow for the tracking of inputs, internal transformations, and outputs from 
systems. This most recent method allows for the application across various ecosystems and 
timescales of interest (Staehr et al. 2012). 
These four methods have been applied in various ways over the past 90 years: trophic 
status of ecosystems, balance of inputs/outputs to assess metabolism, how ecosystems will 
respond to future climate and anthropogenic change, the application in the realm of the global 
carbon budget and incorporation of these techniques across various ecosystems. Each set of 
methods varies on the accuracy, scale and the processes that it targets, which can be further 
applied across a facet of different ecosystems. As with any method of interest, there are future 
trials that will be faced as science continues to change. Although the creation of each method 
allows scientists to gain better understanding of the processes mediating metabolism, there are 
still questions, gaps and limitations (Williams and del Giorgio 2005; Staehr et al. 2012).   
Study System: The Laurentian Great Lakes, Lake Superior and its existing carbon budget 
The Laurentian Great Lakes contains approximately 23,000 km3 of water, covering an 
area of 244,000 km2 of which 16,000 km is coastline. In the world, the Laurentian Great Lakes 
are made up of the largest fresh, surface water lakes composed of 18% of the Earth’s freshwater 
supply. The Laurentian Great Lakes drains an area approximately 1.0 million km2. Water enters 
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into the pristine end member of Lake Superior and drains into the St. Lawrence River and 
ultimately the Atlantic Ocean.  
Lake Superior is the Earth’s largest freshwater lake by area (surface area 8.2 X 1010 m2) 
(Herndendorf 1990) with a mean depth of 150 meters (m) and a maximum depth of 406 m 
(Cotner et al. 2004; Urban et al. 2005). Ten percent of the Earth’s freshwater supply is contained 
within Lake Superior (Cotner et al. 2004). Due to low nutrient inputs and low primary 
production, Lake Superior is considered to be an oligotrophic system with low particulate 
organic carbon (POC, ~0.08 milligrams per liter, mg L-1) and low dissolved organic carbon 
(DOC, 0.8-3.2 mg L-1) concentrations (Cotner et al. 2004; Urban et al. 2005). Primary production 
within the system is limited by phosphorus with a concentration between 1.3-3.5 milligrams of 
phosphorus per cubic meter (mg P m-3) (Baehr and McManus 2003; Urban et al. 2005). Lake 
Superior is the coldest of the Great Lakes; this thermal physiochemical parameter supports Lake 
Superior as a dimictic system (Assel 1986). Ice cover within the winter can vary in coverage 
(Bennett 1978; Urban et al. 2005).  
Due to its small drainage basin to lake surface area ratio (1.55), Lake Superior is believed 
to be net autotrophic in nature with internal carbon processes dominating (Hanson et al. 2004). 
Recent studies have concluded that Lake Superior is net heterotrophic system (McManus et al. 
2003; Cotner et al. 2004; Russ et al. 2004; Urban et al. 2005; Alin and Johnson 2007; Urban and 
Desai 2009; Atilla et al. 2011). Respiration in Lake Superior, based on previous studies, is driven 
primarily by the DOC pool that is available in greater proportions compared to the POC pool 
(McManus et al. 2003; Cotner et al. 2004; Urban et al. 2005). The DOC pool has an estimated 
turnover of eight years, but this is much shorter in comparison to the residence time of Lake 
Superior of 170 years (Urban et al. 2005). The dimictic feature of Lake Superior allows for 
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complete water column mixing twice a year, thus homogenizing the DOC pool. As a means to 
get a better handle on the carbon budget, previous studies have investigated the inputs and 
outputs of carbon within Lake Superior (Table 1.1) (Cotner et al. 2004; Urban et al. 2005; 
Sterner 2010). Based on these budgets, there is an imbalance within the system with respiration 
dominating all the other fluxes and more carbon lost than gained. In 2005, Urban et al. provided 
a more comprehensive budget for Lake Superior, but there was no explanation for the budget 
imbalance. A new primary production estimate was made of 9.73 Tg C yr-1 (Sterner 2010). This 
amendment is larger than primary production values from Cotner et al. (2004) and Urban et al. 
(2005), but would not balance the lake’s budget if respiration estimates were correct.  
Current Knowledge Gaps 
Lakes play an important role in carbon cycling, but long-term observations and 
interpretations of carbon dynamics are rare, limiting our knowledge of inter-annual spatial and 
temporal variation, timescales of such variation and drivers of efflux. Lake Superior is a 
heterogeneous system with spatial and temporal variations in temperature, nutrients, and currents 
that can impact the overall carbon balance estimated from localized studies. Estimates of the 
inputs and outputs of Lake Superior’s carbon budget have been constrained by location, limited 
by seasonal and spatial bias and uncertainty from indirect measurements leading to gaps in our 
knowledge.  
 Respiration far exceeds photosynthesis in the lake and the source of carbon to subsidize 
this estimate is unknown (Cotner et al. 2004; Urban et al. 2005; Sterner 2010). Bacterial and 
community respiration have been measured at the western arm (Keweenaw Peninsula) typically 
during one season. From these measurements, rates were extrapolated to the whole lake to gain 
an annual estimate (Cotner et al. 2004; Urban et al. 2004). More recently, modeling has been 
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done to provide greater spatial coverage (Bennington et al. 2012). These estimates have focused 
on the short-term pool potentially overestimating respiration. To date, there has only been one 
study that has assessed the long-term lability of dissolved organic carbon in Lake Superior 
(Powell and Auer 2010). By targeting these pools separately, this could give rise for higher 
respiration values and imbalance in the carbon budget. Further, processes such as the metabolism 
of the lake impact the carbon imbalance. High frequency observations of partial pressure of 
carbon dioxide (pCO2) between the air-water interface are absent. Seasonal measurements during 
summer months tend to miss the transitional periods of the lake and consequently miss the 
critical fluxes that describe the overall carbon contribution of the lake (Reed et al. 2018). These 
limitations can be overcome by using both techniques to understand the role physical lake 
characteristics, biological processes, and climate drivers have on the carbon dynamics over 
multiple timescales.  
Objectives of This Dissertation 
The experimental approach and in-situ measurements of this dissertation will provide a 
better understanding of the biogeochemical processes that vary spatially and temporally within 
one of the largest lakes of the world, Lake Superior, and attempt to close the gaps in our 
knowledge. In this dissertation, my specific objectives are as follows: 
1. To quantify and compare the short-term community respiration to long-term DOC 
consumption in Lake Superior to address the relationships between the patterns in 
ambient DOC concentrations, in-situ respiration and long-term lability (Chapter 2); 
2. To measure the temporal and spatial variations of in-situ pCO2 measurements of 
Lake Superior and provide an estimate of CO2 flux (Chapter 3); and 
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3. To evaluate the temporal variations in δ18ODO coupled with oxygen saturation to 
better assess the metabolic balance of Lake Superior in relation to previously 
published values for Lake Superior (1999-2011) (Russ et al. 2004; Karim et al. 2011) 
and evaluate Lake Superior’s metabolism over a decadal cycle (Chapter 4).  
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Table 1.1. Summary of inputs and outputs of organic carbon in Lake Superior from previous 
studies. Organic carbon fluxes in teragrams of carbon per year (Tg C yr-1). 
 
  Cotner et al. (2004) Urban et al. (2005) Sterner et al. (2010) 
INPUTS 
Shoreline Erosion - 0.02   
Rivers 0.54 – 0.62 0.40 – 0.90   
Precipitation 0.16 – 0.41 0.02 – 0.10   
Photosynthesis 5.30 – 8.20 2.00 – 6.70 9.73 
TOTAL INPUTS 6.00 – 9.23 2.44 – 7.72 10.17-10.75 
        
OUTPUTS 
Respiration 13.00 – 39.00 13.00 – 81.00   
Outflow 0.08 – 0.10 0.10   
Sediment Burial 0.48 0.60 – 2.00   
TOTAL OUTPUTS 13.56 – 39.58 13.70 – 83.10   
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CHAPTER 2.  
Coupling of Community Respiration and Bioavailability of Organic Carbon to Assess 
Bacterial Metabolism in Lake Superior 
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Abstract 
Consumption of dissolved organic carbon (DOC) by bacteria represents a major sink for DOC in 
the biosphere. Numerous factors, including temperature, ultraviolet radiation exposure and 
quality/source of carbon, can influence bacterial consumption of DOC. This multidisciplinary 
study coupled bacterial carbon consumption (short-term, 2 day) with the amount and lability of 
DOC consumed thru long-term incubations (42 day) of in-situ samples collected during the 
mixed (May 2010) and stratified (August-September 2010) periods in Lake Superior at various 
sites. Analysis suggests a decoupling between short and long-term organic matter decomposition. 
DOC concentrations and bioavailability across the lake varied with and between seasons due to 
biotic and abiotic drivers (stratification, proximity to rivers, and primary production). The 
combined measurements of short and long-term consumption rates were further used to develop 
a new estimate of annual respiration for Lake Superior that ranged from 4 to 16 teragrams of 
carbon per year (Tg C yr-1). This study creates a novel approach by providing insights on the 
carbon consumption and lability, both spatially and temporally, across Lake Superior and the 
potential links that impact these parameters. 
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Introduction  
Historically, inland waters were excluded from the carbon dioxide (CO2) budget of the 
biosphere given the small percentage of the earth’s surface in which they occupy (Downing et al. 
2006; Cole et al. 2007; Battin et al. 2009; Tranvik et al. 2009). However, studies have 
documented that 90% of the world’s lakes (Cole et al. 1994, 2007) are supersaturated with CO2 
and are a significant source of carbon to our atmosphere (3.9 petagrams of carbon per year, Pg C 
yr-1) (Drake et al. 2018). It is estimated that twice as much carbon enters inland waters than is 
exported to the sea. Specifically, in North American inland waters, 22.5 teragrams of carbon per 
year (Tg C yr-1) is buried and 24.2 Tg C yr-1 is lost through gas flux (Butman et al. 2018). This 
suggests that 50% of the carbon delivered into inland waters is lost through either burial or in-
situ respiration of organic matter (OM) before reaching the ocean (Raymond et al. 2013; Butman 
et al. 2018). 
Although the carbon budget of Lake Superior has been studied for decades, the 
metabolism of the lake remains an area of active debate. Typically, smaller lakes are thought to 
efflux CO2 to the atmosphere, the degree to which depends on many factors, such as watershed 
to lake area, land use and anthropogenic influences. Lake Superior is the world’s largest lake by 
surface area containing approximately 10% of the Earth’s surface freshwater and 90% of the 
United States freshwater (Herdendorf 1990; Cotner et al. 2004). The watershed to lake surface 
area ratio of Lake Superior is only 1.55, the smallest of all the Laurentian Great Lakes. This low 
ratio suggests that internal processes should dominate the carbon budget relative to external 
inputs (Hanson et al. 2004). Yet, recent studies have concluded that Lake Superior is a source of 
CO2 to the atmosphere (McManus et al. 2003; Cotner et al. 2004; Russ et al. 2004; Urban et al. 
2005; Alin and Johnson 2007; Urban and Desai 2009; Atilla et al. 2011) implying that at least a 
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portion of the organic carbon (OC) delivered to the system is bioavailable and readily 
metabolized by the microbial community.   
The bioavailability of OC has historically been determined with multiple methodologies 
and on various timescales. Guillemette and del Giorgio (2011) identified two pools of dissolved 
organic carbon (DOC) which cycle on different timescales: a short-term highly labile pool that is 
measured by oxygen consumption over hours to days and a long-term semi-labile pool which is 
measured by DOC loss over days to months. The short and long-term measurements are 
decoupled over time and space and tend to target different OC fractions across the DOC lability 
spectrum (del Giorgio and Pace 2008). Also, short-term measurements of metabolism tend to 
overestimate carbon consumption when they are scaled up to time periods of weeks to months 
and result in inaccurate conclusions about overall DOC bioavailability because this highly labile 
pool is quickly exhausted (del Giorgio and Davis 2003; del Giorgio and Pace 2008; Guillemette 
and del Giorgio 2011). Few studies have measured both short-term and long-term metabolic 
processes in parallel (del Giorgio and Pace 2008; Guillemette and del Giorgio 2011) and in Lake 
Superior, there has been a notable lack of long-term lability studies.   
Carbon inputs to Lake Superior are predominately in the dissolved phase and favor 
processing via the microbial loop relative to fueling higher trophic food webs (McManus et al. 
2003; Cotner et al. 2004; Urban et al. 2005). The DOC pool has an estimated turnover of eight 
years, which is much shorter than the water residence time of Lake Superior of 170 years (Urban 
et al. 2005). Lake Superior is a dimictic system with a biannual overturn of the entire water 
column and homogenization of the DOC pool. Studies that have investigated the inputs and 
outputs of carbon within Lake Superior (Assel 1986; Cotner et al. 2004; Urban et al. 2005) have 
noted a system wide imbalance with respiration dominating all the other fluxes.  
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The goal of this study is to quantify and combine the short-term community respiration 
and long-term DOC consumption during both isothermal and stratified periods across multiple 
stations on Lake Superior. These metabolic measurements will address relationships of in-situ 
community respiration and the lability of DOC over long-term timescales, as well as exploring 
microbial controls and constraints on the carbon budget. These data will provide a better 
understanding of carbon bioavailability and help elucidate the ecological and biogeochemical 
processing of carbon within Lake Superior, one of the world’s largest and deepest lakes.  
Materials and Methods  
Study Site and Sampling 
Lake Superior is the Earth’s largest freshwater lake by area (8.2x1010 m2, Herdendorf 
1990) with a mean depth of 150 meters (m) and a maximum depth of 406 m (Cotner et al. 2004; 
Urban et al. 2005). Low particulate organic carbon (POC, ~0.08 milligrams per liter, mg L-1) and 
low DOC (0.8-3.2 mg L-1) concentrations characterize the oligotrophic lake (Cotner et al. 2004; 
Urban et al. 2005; Sterner 2010).  
Sampling was conducted aboard the R/V Blue Heron at various stations in Lake Superior 
both during isothermal conditions (May 2010) and stratified conditions (August and September 
2010; Table 2.1, Figure 2.1). During both the May and August 2010 cruises, samples were 
collected at 3 depths corresponding to the epilimnion (5 meters), the deep chlorophyll maximum 
(DCM, 30-40 meters) and the hypolimnion (127-340 meters) at the Western (WM, 47°19.20’N, 
89°49.49’W) and Eastern Mooring (EM, 47°34’N, 86°39’W). For the September 2010 cruise, 
only surface water (2-5 meters) samples were collected along a transect from the Duluth Harbor 
to the open lake station of Western Mooring. Water profiles of each station including 
temperature, conductivity, and pressure were measured using a Seabird model 911 Plus 
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Conductivity, Temperature and Depth (CTD) profiler equipped with a fluorometer, dissolved 
oxygen sensor, pH meter, colored dissolved organic matter (CDOM) sensor, and altimeter. Water 
samples were collected directly from the 8-liter Niskin bottles for all analysis conducted.  
Biological Oxygen Demand (BOD) 
Total community respiration (TR) was measured via dissolved oxygen consumption. 
Unfiltered water from the open lake sites, Western Mooring and Eastern Mooring, were collected 
for the May 2010 and August 2010 cruises and at all stations for September 2010. Water was 
collected directly from the Niskin bottles into 300-milliliter (mL) glass acid washed Wheaton 
biological oxygen demand (BOD) bottles and sealed with an airtight glass stopper. Care was 
taken to ensure that there were no air bubbles within the bottles by rinsing three times with 
sample and then overflowing for 1 minute. Samples were immediately placed in a cooler with 
water chilled to in-situ temperatures and maintained at these temperatures for the duration of the 
short-term (2 day) metabolic experiments.  
Non-destructive oxygen (O2) consumption was measured using SP-PSt3-PSUP-YOP-D5 
O2 sensor spots (PreSens GmbH, Regensburg, Germany; Warkentin et al. 2007) at time points 0, 
1, 3, 6, 9, 12, 24 and 48 hours. Sensor spots were adhered to the inside wall of the 300-mL glass 
Wheaton BOD bottles by silicone glue and calibrated through a two-point calibration (0 and 
100% O2 saturation) prior to the start of the experiment. The photoluminescence emitted by the 
sensor spot was measured through the fiber-optic oxygen meter, PreSens Fibox 3. This fiber-
optic fiber emitted an excitation light (505 nm) and read the resulting fluorescence signal (>600 
nm) sent to the Fibox 3. The signals were recorded with the OxyView 3.51 software (PreSens). 
O2 consumption was determined from the difference between initial and final O2 concentration. 
Rates of O2 consumption were then converted to CO2 production using a respiratory quotient of 1 
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(Hopkinson et al. 1989; Williams 1998; del Giorgio and Pace 2008). Bacterial respiration (BR) 
was assumed to be 80% of the total community respiration (Urban et al. 2005). 
DOC Lability Incubations 
Water was filtered through pre-combusted (525°C, 4 hours) Whatman GF/F (0.7m) 
glass fiber filters and distributed in triplicate to 1-liter acid cleaned Nalgene polycarbonate 
bottles.  Incubations were conducted in the dark at in-situ temperature for a duration of 42 days.   
Subsamples (40-milliliters) from triplicate incubations were collected every 2-4 days for 
42 days, dispensed into 40-milliliter combusted amber glass vials (525°C, 4 hours), acidified 
(12N hydrochloric acid, HCl) to a pH of 2 and refrigerated at 4°C in the dark until sample 
analysis. DOC concentrations were analyzed via a high-temperature catalytic combustion 
(500°C) with a Shimadzu TOC-5000 analyzer by the VCU Environmental Analysis Laboratory.  
Conceptual Separation of Short versus Long-Term Lability Rates 
Based on the approach of Guillemette and del Giorgio (2011), DOC bioavailability was 
separated into two distinct pools: short-term labile pool (STL) and long-term semi-labile pool 
(LTL). STL refers to the amount of DOC removed in the beginning of the incubation (for this 
study, 2 days) and is measured through short-term total community and bacterial respiration via 
oxygen uptake. The rate at which consumption occurs is the short-term carbon consumption rate 
(STCC). LTL is measured as the pool of DOC consumed over the remainder of the study (2-42 
days) and was calculated as the difference between initial and final DOC concentrations. The 
rate of consumption over this period is termed the long-term carbon consumption rate (LTCC). 
Scaling Up to Lake Wide Respiration Rates 
 To provide an annual respiration rate in Tg of C for Lake Superior, values of respiration 
were integrated between surface, mid and deep intervals at Western and Eastern Mooring for 
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May and August 2010, respectively. Estimates of depth-integrated respiration across the water 
column was calculated through a trapezoidal integration and extrapolated to the total lake area 
(82,100 km2). Further, the lake was separated into the western and eastern basin to calculate the 
carbon consumption rates for each respective basin (Assel 1991). Lake Superior’s length is 563 
kilometers from east to west. The western basin occupies 115 kilometers and the eastern basin is 
257 kilometers; therefore, it was determined that the western basin is 18% and the eastern basin 
is 82% of Lake Superior, respectively (Assel 1991). 
Statistical Analysis 
 An analysis of variance (ANOVA) was used to evaluate the difference among rates of 
carbon consumption between the various stations and depths in combination with a Tukey’s 
mean comparison pairwise significance test. Spearman rank correlation coefficient test was used 
to analyze the relationships between the environmental variables and short and long-term DOC 
consumption variables. An α-level of 0.05 was chosen to signify the statistical significance 
between variables. All statistical analyses were conducted in OriginPro 2018. Data are presented 
as means ± standard deviation. 
Results 
Environmental Characterization of Lake Superior  
Across all depths, water temperature varied from 3.5-3.7°C (average 3.6°C ± 0.1) in May 
for open lake stations. With the onset of stratification, temperature decreased with depth. August 
temperatures ranged from 3.7-17.3°C (average 7.5°C ± 5.6) for open lake stations, an average 
increase of 4°C between samplings. In September, there was little variation along the nearshore 
to open lake transect 8.8-10.8 (average 9.7 ± 0.9°C) in the surface water (2-5 meters). Eastern 
Mooring displayed the highest temperature for the mid depth in May (3.7°C) and for the surface 
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in August (17.3°C). In September, along the nearshore to open lake transect, OL1 was the 
highest (10.8°C, Table 2.1).  
DOC concentrations for the system were low overall (84.8-133.2 micromoles of carbon 
per liter, μM, Table 2.1) and differed significantly by site, depth and isothermal/stratified 
conditions (p < 0.05). DOC concentrations ranged from 90.3-95.5 μM (91.8 ± 1.9 μM) in May 
2010, 84.8-99.0 μM (91.9 ± 6.0 μM) in August 2010 and 85.8-133.2 μM (101.7 ± 21.5 μM) in 
September 2010. Concentrations were generally lower at open lake stations (85.8 μM) and 
increased shoreward (133.2 μM) in September 2010 (Table 2.1).  
Short-Term Carbon Consumption (STCC) Rates from BOD Measurements (0-2 days) 
 In May 2010, STCC ranged from 2.5 to 13.7 micrograms of carbon per liter per day (μg 
C L-1 d-1, average 6.5 ± 6.3) at the Western Mooring and 1.2 to 8.7 μg C L-1 d-1 (average 4.0 ± 
4.1) at the Eastern Mooring. Western Mooring was approximately 1.6 times higher than Eastern 
Mooring for short-term carbon consumption. STCC was significantly different between Western 
and Eastern Mooring, and across all depths (p < 0.05; Tables 2.2-2.3, Figure 2.2). 
 In August 2010, STCC ranged from 3.1 to 18.5 μg C L-1 d-1 (average 10.7 ± 7.8) at 
Western Mooring and 2.1 to 27.0 μg C L-1 d-1 (average 12.7 ± 12.9) at Eastern Mooring. Relative 
to May, Western Mooring showed a decrease at the surface and an increase at the mid. Eastern 
Mooring, on the other hand, showed an increase at the surface and mid for STCC from May to 
August. There was no change in values for the deepest samples for either site. STCC was 
significantly different across the two sites, Western and Eastern Mooring, and across all depths 
(p < 0.05; Tables 2.2, 2.4, Figure 2.2). 
 In September 2010, STCC ranged from 9.3 to 140.0 μg C L-1 d-1 (91.7 ± 58.2). STCC 
rates were approximately 4-200 times higher for OL1-3 relative to Western and Eastern Mooring 
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in May and August. Western Mooring was comparable to the August rates due most likely to 
similar thermal conditions. STCC declined from nearshore to open lake with a peak at OL2. 
STCC was significantly different along the transect from nearshore to open lake (p < 0.05; 
Tables 2.2, 2.5, Figure 2.3). 
Long-Term Carbon Consumption (LTCC) Rates from DOC Bioavailability Incubations (2-42 
days) 
 In May 2010, LTCC values varied minimally across depth and lake stations (Western 
Mooring average 1.4 ± 0.3; Eastern Mooring average 1.3 ± 0.3). LTCC was not significantly 
different between Western Mooring surface and depth and Eastern Mooring surface and mid (p > 
0.05; Table 2.3, Figure 2.2).  
In August 2010, LTCC increased at both stations with average values doubling (3.0 ± 
1.0) relative to May. With thermal stratification, LTCC was more variable across depths with a 
peak at DCM for both stations. LTCC was significantly different between site and depth (p < 
0.05; Table 2.4, Figure 2.2).  
In September 2010, LTCC ranged from 1.8 to 6.2 μg C L-1 d-1 (average 3.3 ± 2.0). LTCC 
increased from OL1 to Western Mooring with the highest carbon consumption rate at OL2. 
LTCC was significantly different between the OL1-3 and Western Mooring (p < 0.05; Table 2.5, 
Figure 2.3).  
Comparison of Short and Long-Term Carbon Consumption for Western Mooring, Eastern 
Mooring and the September Transect  
 
In May 2010, LTCC was approximately 11 times lower than STCC values for Western 
Mooring surface and approximately 3 times lower for Eastern Mooring surface. Mid and depth 
were comparable for both stations with little variation between STCC and LTCC. STCC was not 
significantly different between the LTCC of Western Mooring mid and Eastern Mooring surface 
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and mid, respectively (p > 0.05, Table 2.3). STCC showed a greater variation across depth at 
both Western and Eastern Mooring, whereas LTCC was consistent across depth and location 
(Table 2.3, Figure 2.2). Values for STCC decreased from surface to mid and increased at depth.  
During thermal stratification in August-September 2010, there is more variation in the 
consumption for short and long-term intervals both vertically and longitudinally across the lake. 
LTCC followed the same trend as May 2010 and was about equal to 11 times lower than STCC 
with the exception of Western Mooring depth and Eastern Mooring depth. In August, Western 
Mooring has a significant decrease in surface short-term consumption but an increase in long-
term consumption. Rates are almost double surface rates at the mid layer. The hypolimnion rates 
decrease and are comparable to the isothermal rates of consumption at depth. Eastern Mooring 
has a significant peak in short-term carbon consumption in the surface layer. With depth, there is 
a 66% decrease in STCC at the DCM. Similar to Western Mooring, Eastern Mooring reverts 
back to rates similar to isothermal May. LTCC increased from surface to depth with a peak at 
DCM. September STCC values were approximately 5-200 times greater for OL1-3 than May and 
August combined. LTCC for OL1-3 was 4-40 times lower than STCC. Western Mooring values 
were similar to the August surface values (Figures 2.2-2.3). 
 The percentage of DOC consumed during the short-term lability (STL, 0-2 d) was 
consistently lower than long-term lability (LTL, 2-42 d). STL varied between 0.1 to 8.7% 
(average 1.8 ± 2.7) and LTL between 3.7 and 15.5% (average 8.5 ± 3.8, Figure 2.4). The 
percentage of DOC consumed in the short-term incubations showed variation between Western 
and Eastern Mooring for both sampling periods and depths (p < 0.05, Tables 2.3-2.4). STL 
increased from May to August between 1.6 and 3.2 times for Western and Eastern Mooring, 
respectively. Unlike a decreasing trend from surface to depth, there is a peak of STL at Western 
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Mooring mid in August 2010. LTL increased and was more variable during stratification in 
August. Mean differences of LTL between Western Mooring and Eastern Mooring were 
significant (p < 0.05, Table 2.4). Mean LTL was greater in August relative to May for Western 
and Eastern Mooring. For May and August, STL is almost non-existent at depth for Western 
(0.3%) and Eastern Mooring (0.2%, Figure 2.4). 
During the September transect, STL was approximately 13 times greater than May and 4 
times greater than August STL and comprised a greater percentage of the total DOC consumed 
for OL3 (p < 0.05, Table 2.5). LTL was also elevated by approximately 2 times relative to May 
and not significantly different from August. Overall, LTL dominated over STL the percent of 
carbon consumption regardless of sampling time or location (Figures 2.4-2.5). 
To gain an understanding of how seasonality of short and long-term carbon consumption 
varies over time from May to September 2010, Western Mooring was assessed. Values from 
STCC, LTCC, STL and LTL all followed a similar trend: a significant increase in rate from May 
to August (p < 0.05, Tables 2.3-2.4) and a significant decrease from August to September (p < 
0.05, Tables 2.4-2.5). STCC was significantly greater than LTCC for all sampling periods. LTL 
had a significantly higher percentage of contribution to the total DOC pool relative to STL (p < 
0.05, Figures 2.2-2.5). 
Discussion 
In this study, I addressed three primary objectives: (1) to measure DOC lability across 
Lake Superior over both a temporal and spatial gradient, (2) to compare the short-term to long-
term DOC consumption and assess their relative contribution to microbial DOC processing and 
(3) to use combined measurements of short and long-term DOC consumption as a new means to 
estimate annual respiration.  
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Potential Factors Influencing DOC Lability in Lake Superior 
There are a large range of environmental factors which may influence bacterial 
metabolism and organic carbon consumption including nutrient availability, temperature, 
residence time and exposure to ultraviolet light (Zweifel et al. 1993; Moran et al. 1999; Urban et 
al. 2004; Catalán et al. 2016). In addition, DOC is comprised of a combination of organic 
compounds from various sources (allochthonous and autochthonous) and the intrinsic chemical 
properties of this DOC can influence the availability of DOC to bacteria. This chemical 
heterogeneity results in a DOC pool with a continuum of reactivity. The highly reactive pool 
with rapid turnover times may be targeted with short-term metabolic measures (TR) while the 
semi-labile pool is identified with long-term measures of DOC consumption (bioavailability 
assays) (Guillemette and del Giorgio 2011).   
Biotic and Abiotic Drivers of Bacterial Respiration  
It has been hypothesized that DOC concentrations, chemical composition and bacterial 
accessibility fluctuate with and between seasons due to physical forcing of water mass 
movement, proximity to rivers, and variations in primary production (Auer and Powell 2004; 
Urban et al. 2004, 2005; Bennington et al. 2012). Auer and Powell (2004) concurrently measured 
bacterial abundance and production in Lake Superior and did not find any systematic gradients 
nearshore versus offshore despite substantial differences in proximity to OM sources of varying 
quality, terrestrial (nearshore) versus algal (offshore). These findings corroborated those of Hicks 
et al. (2004) and suggest that terrestrial OC sources required further photolytic or enzymatic 
processing prior to bacterial uptake. In contrast to these findings, we noted significant 
differences in TR along the September 2010 nearshore (OL1) to Western Mooring transect 
supporting previous findings of reduced TR at open lake stations (Urban et al. 2004, 2005). 
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Notably, we see peak respiration rates at OL2 and attribute it to photolytically enhanced 
processing of terrestrial DOC. Likely, photolytic processes in the harbor at OL1 were impeded 
by enhanced turbidity and elevated CDOM concentrations, which prevented the penetration of 
ultraviolet light into the water column. Concentrations of CDOM decrease by greater than 50% 
from OL1 to OL2 suggesting significant photobleaching and photo-modification. This is further 
supported by Minor and Stephens (2008) who reported photodegradation in the western arm of 
Lake Superior, which had similar sampling to our transect. Additionally, our findings of elevated 
TR at nearshore stations do not necessarily refute previous results that found no gradient in 
bacterial abundance and growth. The processing of terrestrial DOC may have required a greater 
catabolic carbon demand for enzyme production, resulting in heightened respiratory carbon 
demand and lowered bacterial growth efficiencies.  
Despite a gradient in DOC concentrations, there was no correlation between 
concentration and any measure of carbon bioavailability suggesting that carbon quality and 
accessibility are important for bacterial consumption (Table 2.6). Previous research has found 
that DOC at Western Mooring is typically greater than Eastern Mooring due to its closer 
proximity to multiple fluvial carbon sources (E. Minor, unpublished). In addition, several studies 
have found heightened rates of surface carbon processing at Western relative to Eastern Mooring 
(Biddanda and Cotner 2002), which we found during the isothermal period, but not during 
summer stratification. Instead, at Western Mooring, we see peak TR at the DCM suggesting 
rapid removal of highly labile DOC, likely derived from senescing phytoplankton (Sterner 2011). 
In contrast, peak TR at Eastern Mooring is found in the surface layer with carbon consumption 
rates double those measured at Western Mooring. Western Mooring is much shallower than 
Eastern Mooring, which leads to an earlier water column stratification and initiation of the 
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summer algal bloom (Matsumoto et al. 2015). Peak TR at the DCM of Western Mooring, 
suggests an advanced bloom progression relative to Eastern Mooring, whereby senescing 
phytoplankton are trapped by the density gradient and the released DOC fuels elevated rates of 
TR (Auer and Bub 2004). A similar pattern of peak bacterial production rates associated with the 
DCM was found by Auer and Powell (2004). They also noted that the depressed temperatures at 
DCM relative to surface values (~7℃ during our sampling) further suggested that the vertical 
structure in bacterial metabolism was driven by a supply of labile DOC from senescing 
phytoplankton and sloppy grazing where dissolved organic matter can be released by broken 
cells.   
Peak TR at the surface of Eastern Mooring implies an earlier bloom state, prior to 
significant vertical export of senescing algae. The elevated rates of TR relative to Western 
Mooring may be partially attributed to 6℃ warmer surface waters at Eastern Mooring. Based on 
Arrhenius relationships, biological reactions, enzyme activities and growth rate should increase 
7-12% per 1℃ warming.  Further, differences in the source of DOC may influence both TR and 
DOC bioavailability. The greater lability of algal DOC has been traditionally equated to high 
nutritional quality (Thorp and Delong 2002), and consequently to a greater potential to support 
growth. Further, past studies have shown that phytoplankton excrete compounds such as 
polysaccharides and carbohydrates that are not only easily accessible and quickly consumed by 
bacteria, but also energetically rich (Amon and Benner 1994; Weiss and Simon 1999).  
Coincident with this study, Zigah et al. (2014) collected and processed water for a size 
fractionation of the organic matter in Lake Superior. The C:N of bulk DOC decreased in the 
surface waters at Eastern Mooring relative to Western Mooring suggesting an enhanced algal 
signal. Zigah et al. (2014) also found the high molecular weight (HMW) fraction of DOC was 
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comprised of carbohydrates and carboxylic-rich-alicyclic molecules with little contribution from 
aromatic compounds further suggesting an accumulation of algal-derived DOC (Zigah et al. 
2014). In a subsequent study focused on seasonal differences in HMW DOC, Zigah et al. (2017) 
found 14C-enrichment of the HMW DOC during stratification coupled with dramatically lowered 
C:N and suggested these differences resulted from DOC accumulation from photoautotrophic 
processes. Collectively, these data suggest both temperature enhanced respiration and a shift in 
the source and quality of the available DOC.   
Spatial and Temporal Variations in DOC Bioavailability (LTL) 
DOC bioavailability approximately doubled with the onset of stratification. This suggests 
a potential alteration in the molecular characteristics of DOC, shifts in the microbial community 
and associated enzymatic capabilities or perhaps release from energy and/or nutrient limitation as 
a result of photochemical alteration and in-situ production of labile algal DOC (McManus et al. 
2003; Cotner et al. 2004; Urban et al. 2004, 2005; Zigah et al. 2011, 2012b; a, 2014, 2017). 
Concentration differences in DOC may also be due to elevated primary production in the western 
half of the lake with onset of stratification and DOC production via exudation from 
phytoplankton cells, sloppy feeding by zooplankton and particle dissolution (McManus et al. 
2003; Cotner et al. 2004; Urban et al. 2005). From this study, it appears that this is the more 
reasonable explanation for our results.  
The September transect, from the Duluth Harbor to Western Mooring, is one of the most 
studied regions of the lake. Nearshore stations, from the September transect (OL1-2), have 
greater DOC concentrations relative to open lake stations (Western and Eastern Mooring, Table 
2.1). This spatial heterogeneity most likely results from the input of allochthonous organic matter 
and the potential stimulation of autochthonous primary production from riverine nutrient input. 
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These results suggest that there is a DOC reactivity gradient from nearshore (high) to open lake 
(low) in Lake Superior and corresponds with similar observations of increased bacterial 
production rates in Lake Michigan along a nearshore to open lake transect (Biddanda and Cotner 
2003). Along the September transect, there is a notable spike in DOC concentration and 
consumption rate at OL2 and corresponds with higher rates of respiration at the same location 
(see above). The elevated carbon consumption rates here may be a result of photochemical 
sensitization and increased bioavailability of terrestrial DOC (Moran et al. 1999).  
Cross System Comparison of DOC Bioavailability and Respiration 
The percent of carbon bioavailability was compared to other representative systems. The 
DOC bioavailability of Lake Superior ranges from 4.8 to 11.3% (Table 2.7). These values are 
substantially lower than Powell and Auer (2010) who found DOC bioavailability to range from 
13% to 43% (average 29% ± 15%) in Lake Superior. This discrepancy may be partially 
attributable to the longer incubation time ~48-75 days relative to 42 days for our study where 
there is the possibility for more DOC loss. Additionally, their sampling was along a transect 
extending 9-21 kilometers lakeward from the Keweenaw Peninsula, which may not be reflective 
of C dynamics at open water sites. Nevertheless, our highest DOC bioavailability, 15.5%, at OL2 
(September 2010, Figure 2.5) is still markedly lower than the majority of their findings. Given 
the similarities between Lake Superior and the open ocean (low DOC concentrations, dominance 
of microbial food web in carbon processing, and lower terrestrial influence), it is not surprising 
that our findings are most similar to the DOC bioavailability in the Sargasso Sea (8% ± 1%) 
(Carlson and Ducklow 1996). The DOC lability of lakes averaged 27.8% ± 9.0% (Table 2.7), and 
was considerably larger than our values, perhaps reflecting a range of systems with greater 
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watershed to lake surface area and an increased influx of terrestrial DOC (del Giorgio and Davis 
2003).  
Estimates of TR ranged from 1.5-33.8 μg C L-1 d-1 and BR ranged from 1.2-27.0 μg C L-1 
d-1 for the open stations of Lake Superior in May and August 2010. The nearshore transect (OL1-
Western Mooring) had a TR of 114.6 μg C L-1 d-1 and BR of 91.7 μg C L-1 d-1 (Table 2.2). Our 
rates fall within the range of previous studies in western arm of Lake Superior, just off the 
Keweenaw Peninsula and the modeled whole lake (Table 2.2) (Biddanda et al. 2001; McManus 
et al. 2003; Urban et al. 2004, 2005; Bennington et al. 2012). TR and BR rates were also 
compared to other respective freshwater and marine environments. The values of Lake Superior 
from this study are comparable to the range of TR (7.8-49.5 μg C L-1 d-1) and BR (0.5-28.1 μg C 
L-1 d-1) for both Lake Michigan and Lake Erie (Table 2.2) (Biddanda and Cotner 2002; Depew et 
al. 2006; Dila and Biddanda 2015). When compared to rivers and lakes outside of the Great 
Lakes, our rates were again lower, as also observed for the DOC bioavailability. TR for 
Canadian Shield lakes peaked at 483 μg C L-1 d-1 (Table 2.2) likely due to increased terrestrial 
input. Other lakes and rivers respiration rates were most similar to values calculated for the 
nearshore transect on Lake Superior (September 2010) relative to open water. Ocean values 
(Coastal Ocean/Sargasso Sea/Atlantic/Pacific/Arctic/Antarctic) ranged from 2-70 μg C L-1 d-1 for 
TR and 0.2-2304 μg C L-1 d-1 (Table 2.2). Lake Superior nearshore values were most similar to 
coastal ocean values, and open lake values were most similar to open ocean values.  
Scaling Up Respiration in Lake Superior 
 Previous estimates of annual whole lake community respiration have been scaled up from 
a specific location (and frequently one season) (Cotner et al. 2004; Urban et al. 2004) or utilized 
a modeled approach (Bennington et al. 2012). This study improves on previous estimates by 
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utilizing seasonal rates at both Western and Eastern Mooring to scale up to a lake-wide value. 
Western Mooring is the most studied station and measurements at this location are frequently 
used to extrapolate to whole lake budgets. Urban et al. (2004) scaled up from “open” lake 
samples; yet these samples were collected only 21 kilometers from shore and probably did not 
reflect open lake metabolism. From nearshore to open lake, it is hypothesized that rates of 
respiration will decline due to changes in temperature, accessibility to nutrients and less labile 
carbon (Urban et al. 2004). Spatial coverage is lacking in all other areas of the lake, as well as in 
deep-water samples.  
  More importantly, previous estimates of community respiration have greatly exceeded 
potential inputs of OC, leading to an imbalance in Lake Superior carbon cycle (Biddanda et al. 
2001; McManus et al. 2003; Cotner et al. 2004; Urban et al. 2005). The estimates of TR were all 
derived from short-term assays (1-4 days) and when extrapolated to an annual budget, may 
greatly overestimate TR (del Giorgio and Pace 2008; Guillemette and del Giorgio 2011). Short-
term bacterial consumption rates in the Hudson River were an order of magnitude greater than 
rates of DOC consumption in long-term bioavailability assays (del Giorgio and Pace 2008).  
Arguably, the short-term metabolic rates target the highly labile DOC pool which turns over on 
timescales of minutes to hours (del Giorgio and Pace 2008; Guillemette and del Giorgio 2011). 
These instantaneous measurements cannot be extrapolated to the semi-labile pool as they do not 
capture the consumption of more recalcitrant carbon (Carlson et al. 2002). We employed the 
conceptual approach proposed by Guillemette and del Giorgio (2011), which combine short-term 
bacterial respiration (2 days) measurements with long-term DOC bioavailability assays (40 days) 
to more accurately assess loss rates of semi-labile DOC.   
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 We apportioned the surface area of Lake Superior between eastern and western basins by 
a prominent subsurface ridge parallel to and extending from the Keweenaw Peninsula, such that 
carbon consumption rates for Western and Eastern Mooring were representative of each basin, 
respectively (Assel 1991). In this extrapolation, we did not take into account nearshore regions, 
so our value should be an underestimate. While we have adequate coverage of the nearshore 
areas in the western basin (in September), we are lacking comparable nearshore C consumption 
values in the eastern basin to create an estimate for September. After apportioning the surface 
area, bacterial respiration values for Western and Eastern Mooring were depth integrated from 
surface to depth of sampling. In May 2010, TR was estimated at 4 Tg C yr-1 for Western 
Mooring and 6 Tg C yr-1 at Eastern Mooring. When extrapolated to whole lake values given the 
areal proportions of each basin, isothermal annual community respiration values were ~5.6 Tg C 
yr-1. In August 2010, TR was estimated to increase to 11 Tg C yr-1 for Western Mooring and 16 
Tg C yr-1 for Eastern Mooring. Once again when apportioned to areal basin extent, annual 
community respiration rates were ~15.1 Tg C yr-1 (Table 2.8). With depth integration, there are 
caveats that need to be considered: (1) These values are representative of their locations within 
the lake and extrapolating to the whole lake could cause an under/overestimation of respiration 
further adding to the imbalance of the carbon cycle and (2) there is a greater difference in 
respiration with stratification between the two stations. This could be due to both the quality and 
quantity of carbon and the processing and microbial alterations to the pool that is available. Even 
with these potentials for error, these estimated values are in the range of published respiration for 
Lake Superior (Table 2.8) (Cotner et al. 2004; Urban et al. 2005; Bennington et al. 2012).  
These results provide a novel estimate of the total amount of carbon respired by the 
microbial community spatially and temporally by expanding the focus across areas of Lake 
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Superior that have been understudied. The use of these values has the ability to help address the 
imbalance between sources and sinks within the Lake Superior carbon budget, specifically the 
respiration portion of the budget (Cotner et al. 2004; Urban et al. 2004, 2005). 
Potential Impacts of Global Climate Change 
With the increase in anthropogenic inputs of nutrients and allochthonous carbon loading 
and increasing atmospheric CO2 in the Laurentian Great Lakes, there is the potential for a shift in 
the carbon cycle of Lake Superior. Lake Superior is oligotrophic with limited phosphorus and 
excess nitrogen (Cotner et al. 2004; Sterner et al. 2004). With the impending increase in nutrient 
loading from allochthonous sources, there is the threat of eutrophication that could be important 
in enhancing primary production within the system impacting the microbial food web that 
processes carbon (Cotner et al. 2004; Sterner 2010; Zigah et al. 2011).  
In recent years, there have been shifts within the water/air temperature and wind speeds 
of Lake Superior, which could be an important indicator of regional global climate change 
(Austin and Colman 2007, 2008; Desai et al. 2009; Bennington et al. 2010). Since 1980, the 
summer surface water temperature has increased by 2.5ºC in Lake Superior (Austin and Colman 
2007, 2008). From the time of the study in 2010 to current (2018), summer surface water 
temperatures have continued to increase and are approximately 4ºC warmer (US Department of 
Commerce, National Oceanic and Atmospheric Administration, National Weather Service). Thus 
by increasing the water temperature at a greater rate than the air temperature, there is a 
weakening of the water-air temperature gradient resulting in increased surface winds (Desai et al. 
2009). The increase in water temperatures and wind speeds has resulted in a decrease in ice 
coverage and a longer stratification season in the summer (Austin and Colman 2007, 2008). The 
implications of these lake changes include an increase in the role of microbial processes, an 
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enhancement in photodegradation of DOC, and an increase in the mixed layer depths within the 
lake, all of which are important controls of the carbon cycle of Lake Superior (Zigah et al. 2011). 
Warming trends in the Great Lakes may cause an increase in loss by bacterial respiration 
resulting in a decrease net storage of carbon within the water column or sediment (Biddanda and 
Cotner 2002; Brothers and Sibley 2018). An increase in temperature may also initially increase 
rates of respiration due to higher metabolism, but with increased stratification, deep water would 
not be ventilated resulting in a decrease of hypolimnetic oxygen (Lehman 2002). 
During the course of this study of 2009-2010, an El-Nino and Southern Oscillation 
(ENSO) event was occurring (Bai et al. 2012). During ENSO events, impacted areas experience 
warmer winters and decreased ice cover. As previously mentioned, a shorter winter period could 
prolong stratification ultimately shifting the carbon cycling dynamics of large lakes such as Lake 
Superior. Lake Superior has a large thermal memory and is starting to grow more sensitive to 
climate change. Past ENSO events have also caused a change in nutrient concentration, 
specifically phosphorus. In a dataset from 1998, an El Nino year, there was an increase in 
community respiration and higher total phosphorus (TP) concentrations in conjunction with 
chlorophyll and DOC (Urban et al. 2004). In the years following El Nino, TP concentrations 
decreased causing a shift in respiration (Urban et al. 2004). 
Broader Understanding of Lake Superior’s Carbon Dynamics 
Considering that Lake Superior is the largest lake by area in the world, a better 
understanding of this system in relation to the carbon cycle is necessary. This study brings to 
light some new insights that have not previously been discovered by: (1) assessing the lability of 
DOC both spatially and temporally across Lake Superior (2) determining the relationship of 
short-term bacterial respiration and long-term lability of DOC in the system and the potential 
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links that impact these parameters and (3) providing a reliable lake-wide respiration rate that can 
be used to balance the imbalanced carbon budget of Lake Superior. Previous efforts on 
understanding Lake Superior’s carbon dynamics have been focused to the short-term rates 
(Biddanda et al. 2001; McManus et al. 2003; Cotner et al. 2004; Urban et al. 2005). To date, 
there has only been one study that has applied lability assays to examine patterns in organic 
carbon lability of Lake Superior (Powell and Auer 2010). 
 In this study, DOC bioavailability in Lake Superior was influenced by both biotic and 
abiotic factors. Short-term respiration appeared to be greatly impacted by phytoplankton and 
photolytic processes, while the long-term DOC was linked closely to the inputs of organic 
carbon. Our results show along a nearshore to open lake transect, there was a difference in rates 
of respiration. A DOC reactivity gradient was noted from high (nearshore) to low (open lake) 
along this transect, which can be accredited to photolytic processing of terrestrial DOC and 
autochthonous primary production.  
In addition, this study observed the difference in carbon processing between two open 
lake stations, Western and Eastern Mooring. Previous studies have focused their efforts solely on 
the western arm of Lake Superior (Cotner et al. 2004; Urban et al. 2005). Investigation of the 
Western and Eastern Mooring reveal that there is a difference in DOC composition and 
biogeochemical processes. The variability in the physical and chemical characteristics of the two 
stations, specifically depth, temperature and source of carbon, are responsible for the results 
noted. Western Mooring, the shallower of the two moorings, allows for earlier water column 
stratification, increased temperature and an earlier summer bloom. The proximity of the 
moorings on the lake gives rise to how the lake responds to different sources of DOC. Western 
Mooring is in closer proximity to fluvial sources (terrestrial), whereas the Eastern Mooring is 
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more reliant on algae. The differences in lability between these two sources affect the rates of 
respiration and bioavailability of DOC.  
As previously mentioned, past studies utilized only the short-term respiration rates as a 
proxy for respiration in Lake Superior’s carbon budget. This study was able to improve on such 
values in numerous ways including: spatially through the addition of Eastern Mooring, 
temporally comparing isothermal and stratified conditions and the combination of the short and 
long-term to give an accurate assessment of the loss rates. Annually, Lake Superior was 
estimated to respire between 5.6 and 15.1 Tg C yr-1, which is on the lower end of other literature 
values for Lake Superior (Cotner et al. 2004; Urban et al. 2004; Bennington et al. 2012). It is 
predicted that in the future climate shifts may impact DOC availability and export from 
catchments, internal DOC production and the patterns of carbon dynamics in the ecosystem. 
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Table 2.1. Physical and chemical properties of Lake Superior between May and September 
2010. Temperature (°C); dissolved organic carbon (DOC, micromoles of carbon per liter, μM). 
Values represent an average with a range of the values across depth in parentheses. 
 
Sampling Date Station Temperature DOC 
May-10 
Western Mooring 3.5 92.6 (90.9-95.5) 
Eastern Mooring 3.7 (3.6-3.7) 91.1 (90.3-91.9) 
Aug-10 
Western Mooring 6.5 (3.8-11.3) 95.9 (90.4-99.0) 
Eastern Mooring 8.5 (3.7-17.3) 88.0 (84.8-93.3) 
Sep-10 
OL1* 10.8 125.7 
OL2* 8.8 133.2 
OL3* 10.0 97.2 
Western Mooring* 9.0 85.8 
* Surface measurements only   
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Table 2.2. Total and bacterial respiration rates (micrograms of carbon per liter per day, μg C L-1 d-1) for respective freshwater and 
marine environments. 
  
  
  
Water Body Time of Study Depth 
Time of 
Incubation 
Total Respiration (μg 
C L-1 d-1) 
Bacterial Respiration (μg 
C L-1 d-1) 
Source    
LAKE SUPERIOR   
Western Mooring, Lake 
Superior 
May-10 
5 meters 
48 hours 
17.1 ± 1.3 13.7 ± 1.0 
This Study 
  
30 meters 3.2 ± 0.5 2.5 ± 0.4   
127 meters 4.0 ± 0.5 3.2 ± 0.4   
Eastern Mooring, Lake 
Superior 
5 meters 10.9 ± 1.6 8.7 ± 1.2   
40 meters 1.5 ± 0.3 1.2 ± 0.2   
210 meters 2.6 ± 0.3 2.1 ± 0.2   
Western Mooring, Lake 
Superior 
Aug-10 
5 meters  13.2 ± 0.9 10.5 ± 0.8   
23 meters 23.2 ± 2.1 18.5 ± 1.7   
127 meters 3.8 ± 0.4 3.1 ± 0.3   
Eastern Mooring, Lake 
Superior 
5 meters 33.8 ± 4.3 27.0 ± 3.4   
35 meters 11.2 ± 1.7 8.9 ± 1.3   
210 meters 2.6 ± 0.5 2.1 ± 0.4   
Western Mooring, Lake 
Superior 
Sep-10 
5 meters 11.6 ± 0.9 9.3 ± 0.7   
Nearshore, Lake 
Superior 
Sep-10 
5 meters 148.9 ± 6.5 119.1 ± 5.2   
Western Arm, Lake 
Superior 
Sep-98 Water Column  20-22 hours 6.6 5.5 
(Biddanda et al. 
2001)   
Jul-98 Water Column  20-22 hours 9.8 8.9 
(Biddanda et al. 
2001)   
Keweenaw Peninsula, 
Lake Superior  
1998-2000 Water Column 3-5 days 2-166   
(Urban et al. 2004, 
2005)   
1998-2000 Hypolimnion 3-5 days 3-12   (Urban et al. 2005)   
Western Arm, Lake 
Superior  2000-2001 Hypolimnion not stated 2-9   
(McManus et al. 
2003)   
Modeled, Lake Superior  
  <50 meters   7.9   
(Bennington et al. 
2012) 
  
  50-150 meters   2.1     
  150-250 meters   1.0     
  <250 meters   0.7     
GREAT LAKES   
Lake Michigan Summer 1999- Epilimnion 4 days 47.6 28.1    
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Winter 2000  
 
(Biddanda and 
Cotner 2002) 
Summer 1999-
Winter 2000 Epilimnion 4 days 7.9 3.7   
Summer 1999-
Winter 2000 Epilimnion 4 days 33.7 12.8   
Summer 1999-
Winter 2000 Epilimnion 4 days 20.9 17.6   
May 2010-April 
2011 Epilimnion 24 hours 7.8-49.5   
(Dila and Biddanda 
2015)   
Lake Erie, Eastern End 
November 2001- 
2002 Water Column 12-24 hours   0.5-10.2 (Depew et al. 2006)   
LAKES AND RIVERS   
Oligotrophic Lake   Hypolimnion  24 hours   1-30 
(Cornett and Rigler 
1986)   
Mirror Lake, Oligotrophic 
Lake         3.0 (Cole et al. 1984)   
Canadian Shield Lakes 
Summer Hypolimnion     2-30 
(Cornett and Rigler 
1987)   
Summer Epilimnion 4-7 hours   6-256 
(Carignan et al. 
2000)   
Summer Epilimnion 24 hours   22-483 
(Ahrens and Peters 
1991)   
LITERATURE 
REVIEW       56-280 
(del Giorgio and 
Peters 1993)   
Sharpe Bay, Jack Lake Summer-Winter Water Column 48 hours   10-13 
(Linsey and Lasenby 
1985)   
Paul Lake, WI  May-September Epilimnion 24 hours   102.0 (Pace and Cole 2000)   
Peter, East & West Long May-September Epilimnion 24 hours   144-300 (Pace and Cole 2000)   
Polyhumic Lakes         100-200 (Salonen et al. 1983)   
Limnetic and Marine 
Literature         28.8-288 
(del Giorgio et al. 
1997)   
Hudson River     6-8 hours   48-360  
(del Giorgio and Pace 
2008)   
Amazon River         40-410 (Quay et al. 1995)   
OCEANS   
Coastal Ocean     2 hours   144-2304 (Griffith et al. 1990)   
Chesapeake Bay, Coastal 
Ocean 
Spring-Summer 
1986-1987 
Epilimnion. 
Hypolimnion 24 hours 2-70 27-630 
(Sampou and Kemp 
1994)   
Coastal Ocean   
Epilimnion-85 
meters     23-59 
(Kepkay and Johnson 
1989)   
Louisiana Shelf, Coastal 
Ocean   Epilimnion 20-22 hours   14-130 
(Biddanda et al. 
1994)   
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SE US Shelf, Coastal 
Ocean   
Estuarine and 
Shelf Water 12 hours   86-320 (Pomeroy et al. 2000)   
Sargasso Sea 
  
Epilimnion-85 
meters     2-10 
(Kepkay and Johnson 
1989)   
Jul-92       29 
(Carlson and 
Ducklow 1996) 
  
Jul-93       1.1   
Jan-94       17.0   
Central Pacific         0.3-1.2 
(Williams and Purdie 
1991)   
        0.4-0.7 (Emerson et al. 1995)   
Eastern Atlantic         30.0 
(Robinson et al. 
2002)   
Central Arctic         1-10 
(Sherr and Sherr 
2003)   
Antarctic Ocean         5-43 (Odate et al. 2002)   
Southern Ocean   Depth     0.2-0.4 
(Arístegui et al. 
2003)   
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Table 2.3. Tukey’s Mean Comparison on Three Way Analysis of Variance (ANOVA) evaluating interactions between carbon 
consumption type (short-term carbon consumption, STCC; long-term carbon consumption, LTCC), site (Western Mooring, WM; 
Eastern Mooring, EM) and depth (surface, S; mid, M; depth, D) for May 2010. Bold values represent p-values ≤ 0.05 and statistically 
significant. 
 
Carbon Consumption Site Depth Carbon Consumption Site Depth p-value 
STCC 
WM S 
STCC 
WM 
M 0.001 
D 0.02 
EM 
S 0.001 
M 0.03 
D 0.01 
LTCC 
WM 
S 0.001 
M 0.02 
D 0.02 
EM 
S 0.001 
M 0.01 
D 0.02 
WM M 
STCC 
WM D <0.001 
EM 
S 0.01 
M <0.001 
D <0.001 
LTCC 
WM 
S 0.02 
M <0.001 
D 0.01 
EM 
S <0.001 
M <0.001 
D <0.001 
WM D 
STCC EM 
S 0.02 
M 0.02 
D <0.001 
LTCC 
WM 
S <0.001 
M <0.001 
D <0.001 
EM 
S 0.02 
M 0.02 
D <0.001 
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EM S 
STCC EM 
M 0.03 
D 0.001 
LTCC 
WM 
S 0.02 
M 0.01 
D 0.01 
EM 
S 0.05 
M 0.001 
D 0.01 
EM M 
STCC EM D <0.001 
LTCC 
WM 
S >0.05 
M 0.04 
D >0.05 
EM 
S <0.001 
M <0.001 
D <0.001 
EM D 
LTCC WM 
S 0.03 
M <0.001 
D 0.03 
LTCC EM 
S <0.001 
M <0.001 
D 0.02 
LTCC 
WM 
S 
LTCC 
WM 
M <0.001 
D >0.05 
EM 
S <0.001 
M <0.001 
D <0.001 
M 
WM D <0.001 
EM 
S <0.001 
M <0.001 
D 0.04 
D 
S <0.001 
M <0.001 
D <0.001 
EM 
S 
M >0.05 
D <0.001 
M D <0.001 
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Table 2.4. Tukey’s Mean Comparison on Three Way Analysis of Variance (ANOVA) evaluating interactions between carbon 
consumption type (short-term carbon consumption, STCC; long-term carbon consumption, LTCC), site (Western Mooring, WM; 
Eastern Mooring, EM) and depth (surface, S; mid, M; depth, D) for August 2010. Bold values represent p-values ≤ 0.05 and 
statistically significant. 
 
Carbon Consumption Site Depth Carbon Consumption Site Depth p-value 
STCC 
WM S 
STCC 
WM 
M 0.05 
D 0.01 
EM 
S 0.03 
M <0.001 
D 0.02 
LTCC 
WM 
S 0.01 
M 0.001 
D 0.02 
EM 
S 0.03 
M 0.05 
D 0.001 
WM M 
STCC 
WM D 0.02 
EM 
S 0.05 
M 0.01 
D 0.02 
LTCC 
WM 
S <0.001 
M 0.02 
D <0.001 
EM 
S 0.02 
M 0.04 
D 0.04 
WM D 
STCC EM 
S 0.01 
M 0.02 
D <0.001 
LTCC 
WM 
S 0.01 
M 0.03 
D 0.05 
EM 
S 0.02 
M <0.001 
D 0.05 
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EM S 
STCC EM 
M 0.01 
D 0.02 
LTCC 
WM 
S 0.02 
M 0.02 
D 0.03 
EM 
S 0.01 
M 0.04 
D 0.01 
EM M 
STCC EM D 0.02 
LTCC 
WM 
S 0.05 
M <0.001 
D <0.001 
EM 
S <0.001 
M <0.001 
D 0.05 
EM D LTCC 
WM 
S <0.001 
M 0.02 
D 0.03 
EM 
S <0.001 
M 0.02 
D 0.02 
LTCC 
WM S 
LTCC 
WM 
M <0.001 
D 0.04 
EM 
S <0.001 
M 0.02 
D 0.02 
WM M 
WM D <0.001 
EM 
S 0.05 
M 0.05 
D 0.04 
WM D 
S <0.001 
M 0.02 
D <0.001 
EM S 
M 0.02 
D 0.03 
EM M D <0.001 
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Table 2.5. Tukey’s Mean Comparison on Two Way Analysis of Variance (ANOVA) evaluating interactions between carbon 
consumption type (short-term carbon consumption, STCC; long-term carbon consumption, LTCC) and site (OL1, OL2, OL3, Western 
Mooring) for September 2010. Bold values represent p-values ≤ 0.05 and statistically significant. 
 
Carbon Consumption Site Carbon Consumption Site p-value 
TR 
OL2 
TR 
OL1 0.05 
OL3 OL1 0.05 
OL3 OL2 0.05 
WM OL1 0.02 
WM OL2 0.01 
WM OL3 0.03 
STCC 
OL1 OL1 0.04 
OL1 OL2 0.01 
OL1 OL3 0.02 
OL1 WM 0.02 
OL2 OL1 0.01 
OL2 OL2 0.02 
OL2 OL3 0.04 
OL2 WM 0.04 
OL2 STCC OL1 0.05 
OL3 
TR 
OL1 0.05 
OL3 OL2 0.01 
OL3 OL3 0.02 
OL3 WM 0.02 
OL3 
STCC 
OL1 0.03 
OL3 OL2 0.02 
WM 
TR 
OL1 0.01 
WM OL2 0.01 
WM OL3 0.01 
WM WM 0.04 
WM 
STCC 
OL1 0.05 
WM OL2 0.04 
WM OL3 0.01 
LTCC OL1 TR OL1 0.02 
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OL1 OL2 0.02 
OL1 OL3 0.001 
OL1 WM 0.03 
OL1 
STCC 
OL1 0.01 
OL1 OL2 0.01 
OL1 OL3 0.001 
OL1 WM 0.02 
OL2 
TR 
OL1 0.05 
OL2 OL2 0.03 
OL2 OL3 0.01 
OL2 WM <0.001 
OL2 
STCC 
OL1 0.05 
OL2 OL2 0.04 
OL2 OL3 0.01 
OL2 WM 0.001 
OL2 LTCC OL1 0.01 
OL3 
TR 
OL1 0.001 
OL3 OL2 0.02 
OL3 OL3 0.02 
OL3 WM 0.02 
OL3 
STCC 
OL1 0.04 
OL3 OL2 0.04 
OL3 OL3 0.01 
OL3 WM 0.001 
OL3 
LTCC 
OL1 0.05 
OL3 OL2 0.05 
WM 
TR 
OL1 0.01 
WM OL2 0.02 
WM OL3 0.03 
WM WM 0.03 
WM 
STCC 
OL1 0.01 
WM OL2 0.02 
WM OL3 0.01 
WM WM <0.001 
WM 
LTCC 
OL1 0.02 
WM OL2 0.02 
WM OL3 <0.001 
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Table 2.6. Spearman correlation coefficients associated with environmental parameters and carbon consumption (total respiration, 
TR; STCC, short-term carbon consumption; LTCC, long-term carbon consumption; STL, short-term lability; LTL, long-term lability; 
total, STL and LTL percent of consumption) for sampling from May, August and September 2010. Spearman correlations (r) are 
above and p-values are below for each relationship. Statistically significant correlations when p ≤ 0.05 (in bold).   
 
  Temp 
Chl 
a 
CDOM 
Initial 
DOC 
TR STCC LTCC STL LTL 
% 
Total  
%  
STL 
Total  
% 
LTL
Total 
Temperature 
Spearman 
Corr. 
1.00 0.11 0.14 0.16 0.63 0.63 0.56 0.63 0.56 0.62 0.63 0.49 
  p-value -- 0.68 0.60 0.55 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.05 
Chlorophyll a 
Spearman 
Corr. 
0.11 1.00 0.28 -0.31 0.26 0.27 0.10 0.20 0.10 0.14 0.20 0.10 
  p-value 0.68 -- 0.29 0.24 0.32 0.31 0.72 0.45 0.72 0.59 0.47 0.71 
CDOM 
Spearman 
Corr. 
0.14 0.28 1.00 0.04 0.40 0.39 0.50 0.34 0.50 0.56 0.35 0.49 
  p-value 0.60 0.29 -- 0.88 0.13 0.14 0.05 0.20 0.05 0.02 0.18 0.06 
Initial DOC 
Spearman 
Corr. 
0.16 -0.31 0.04 1.00 0.38 0.39 -0.03 0.43 -0.03 0.07 0.40 -0.08 
  p-value 0.55 0.24 0.88 -- 0.15 0.14 0.91 0.10 0.91 0.80 0.13 0.76 
TR 
Spearman 
Corr. 
0.63 0.26 0.40 0.38 1.00 1.00 0.49 0.99 0.49 0.67 0.99 0.46 
  p-value 0.01 0.32 0.13 0.15 -- 0.00 0.05 0.00 0.05 0.00 0.00 0.07 
STCC 
Spearman 
Corr. 
0.63 0.27 0.39 0.39 1.00 1.00 0.48 0.99 0.48 0.66 0.99 0.45 
  p-value 0.01 0.31 0.14 0.14 0.00 -- 0.06 0.00 0.06 0.01 0.00 0.08 
LTCC 
Spearman 
Corr. 
0.56 0.10 0.50 -0.03 0.49 0.48 1.00 0.46 1.00 0.94 0.48 0.99 
  p-value 0.02 0.72 0.05 0.91 0.05 0.06 -- 0.07 -- 0.00 0.06 0.00 
STL 
Spearman 
Corr. 
0.63 0.20 0.34 0.43 0.99 0.99 0.46 1.00 0.46 0.66 1.00 0.43 
  p-value 0.01 0.45 0.20 0.10 0.00 0.00 0.07 -- 0.07 0.01 0.00 0.10 
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LTL 
Spearman 
Corr. 
0.56 0.10 0.50 -0.03 0.49 0.48 1.00 0.46 1.00 0.94 0.48 0.99 
  p-value 0.02 0.72 0.05 0.91 0.05 0.06 -- 0.07 -- 0.00 0.06 0.00 
% Total 
Consumption 
Spearman 
Corr. 
0.62 0.14 0.56 0.07 0.67 0.66 0.94 0.66 0.94 1.00 0.67 0.92 
  p-value 0.01 0.59 0.02 0.80 0.00 0.01 0.00 0.01 0.00 -- 0.00 0.00 
% STL of Total 
Spearman 
Corr. 
0.63 0.20 0.35 0.40 0.99 0.99 0.48 1.00 0.48 0.67 1.00 0.45 
  p-value 0.01 0.47 0.18 0.13 0.00 0.00 0.06 0.00 0.06 0.00 -- 0.08 
% LTL of Total 
Spearman 
Corr. 
0.49 0.10 0.49 -0.08 0.46 0.45 0.99 0.43 0.99 0.92 0.45 1.00 
  p-value 0.05 0.71 0.06 0.76 0.07 0.08 0.00 0.10 0.00 0.00 0.08 -- 
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Table 2.7. Labile dissolved organic carbon (DOC) as a percentage of total DOC for respective freshwater and marine environments. 
Water Body DOC Bioavailability (%) Source  
Western Mooring, May 2010 5.2 ± 1.3 
This Study 
Eastern Mooring, May 2010 4.8 ± 1.0 
Western Mooring, August 2010 10.5 ± 4.0 
Eastern Mooring, August 2010 11.0 ± 2.4 
Nearshore, September 2010 11.3 ± 4.6 
Keweenaw Peninsula, Lake Superior 29 ± 15 (Powell and Auer 2010) 
Sargasso Sea 8.0 ± 1.0 (Carlson and Ducklow 1996) 
Lakes 27.8 ± 9.0 
(del Giorgio and Davis 2003) 
Rivers 9.0 ± 3.0 
Marshes 36.6 ± 2.1 
Estuaries 11.7 ± 2.7 
Marine 33.5 ± 11.1 
Coastal Ocean 22 (Lønborg and Álvarez-Salgado 2012) 
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Table 2.8. Respiration rates (teragrams of carbon per year, Tg C yr-1) for this study (integrated over depth) and published 
literature for Lake Superior. Areal proportion of respiration (Tg C yr-1) was calculated for May and August 2010 based on 
Assel 1991*.  
    
    
    
  
Depth Integrated 
Respiration (g C m-2) 
Respiration  
(Tg C yr-1) 
Areal Proportion of 
Respiration (Tg C yr-1) 
Source      
Western 
Mooring, May 
2010 
0.1 ± 0.1 4.2 ± 0.6 
5.6* 
This Study 
    
    
    
Eastern 
Mooring, May 
2010 
0.2 ± 0.1 6.1 ± 1.0 
    
    
    
Western 
Mooring, 
August 2010 
0.4 ± 0.1 10.5 ± 1.0 
15.1* 
    
    
    
Eastern 
Mooring, 
August 2010 
0.5 ± 0.1 15.9 ± 2.6 
    
    
    
Western Arm   13.0 – 39.0   
(Cotner et al. 
2004) 
    
Keweenaw 
Peninsula 
  13.0 – 81.0   
(Urban et al. 
2004) 
    
Whole Lake, 
Modeled 
  5.5   
(Bennington et 
al. 2012) 
    
*Western Basin makes up 18% and Eastern Basin makes up 82% of Lake Superior (Assel 1991). Area of 
Lake Superior is 82,100 km2. 
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Figure 2.1. Sampling map of Lake Superior for cruises May - September 2010. 
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Figure 2.2. May (top) and August (bottom) 2010 average total respiration (TR, 0-2 days), short-
term bacterial carbon consumption (STCC, 0-2 days) and long-term bacterial carbon 
consumption (LTCC, 2-42 days) in in micrograms of carbon per liter per day (μg C L-1 d-1). Error 
bars correspond to standard deviation, n = 3. 
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Figure 2.3. September 2010 average total respiration (TR, 0-2 days), short-term bacterial carbon 
consumption (STCC, 0-2 days), and long-term bacterial carbon consumption (LTCC, 2-42 days) 
in micrograms of carbon per liter per day (μg C L-1 d-1) at the surface. Error bars correspond to 
standard deviation, n = 3. 
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Figure 2.4. The proportion of DOC consumed during both short (STL, 0-2 days) and long-term 
incubations (LTL, 2-42 days) for May (top) and August (bottom) 2010. Error bars correspond to 
standard deviation, n = 3. 
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Figure 2.5. The proportion of DOC consumed during both short (STL, 0-2 days) and long-term 
(LTL, 2-42 days) incubations for September 2010 at the surface. Error bars correspond to 
standard deviation, n = 3. 
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CHAPTER 3.  
Spatial and Temporal Variability of Directly Measured Partial Pressure of Carbon Dioxide 
(pCO2): A Step Towards a More Robust Estimate of Annual Carbon Dioxide (CO2) Fluxes 
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Abstract 
The traditional paradigm was that lakes were considered to be net autotrophic where carbon 
fixation was greater than respiration; however, recent research has shown that there is a shift in 
the paradigm and lakes are now considered to be net heterotrophic systems. In order to provide 
additional constraints on carbon balance in Lake Superior, we collected in-situ samples of partial 
pressure of CO2 (pCO2) at nearshore and open lake stations during water-column mixed (May 
2010) and stratified (August-September 2010, August 2011) periods. A temporal switch in 
metabolism is seen for Lake Superior as the lake is considered to be a source of carbon dioxide 
(CO2) to the atmosphere in the spring and a sink in the summer. This seasonal trend in the 
surface water pCO2 was driven by biological (nonT) components of the system rather than 
temperature (T). Although this study does not capture a full annual cycle of pCO2 surface 
measurements, a rough estimate of air-water flux was calculated of 0.97 teragrams of carbon per 
year (Tg C yr-1) outgassing to the atmosphere. This study directly measured surface water pCO2 
across a greater spatial and temporal scale than has previously not been done before thus 
provides a better understanding of the carbon cycle and metabolic state of Lake Superior. It 
further discloses the scales and mechanisms of variability in Lake Superior pCO2. 
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Introduction 
The transformation and metabolic fate of terrestrial organic carbon (OC) derived from the 
surrounding watershed and its role as an energy subsidy to microbial communities within lake 
systems is one of the most pressing issues facing aquatic biogeochemists (Kling et al. 1991; Cole 
et al. 1994; del Giorgio and Peters 1994; del Giorgio et al. 1997; Duarte and Agustí 1998; 
Carignan et al. 2000; Tranvik et al. 2018). In the past, lakes and oceans were generally thought to 
be net autotrophic systems fueled primarily by autochthonous primary production (Jansson et al. 
2000). However, more recent studies of lakes from tropical, temperate and boreal biomes 
indicate they are supersaturated with carbon dioxide (CO2) resulting in a flux of CO2 from the 
lakes to the atmosphere (Kling et al. 1991; Cole et al. 1994; Sobek et al. 2005). Emission of CO2 
from lakes derives from a variety of sources including ultraviolet (UV) photodegradation of OC, 
inputs from groundwater, mineral weathering, soil derived respiration, and in-situ microbial 
respiration of allochthonous OC (del Giorgio et al. 1997; Karlsson et al. 2007; McCallister and 
del Giorgio 2008). 
Inland waters emit approximately 2.1 Pg C yr-1 to the atmosphere with lakes and 
reservoirs estimated to be 0.32 Pg C yr-1 of this flux (Raymond et al. 2013). More recently, this 
global estimate of outgassing has increased to 3.9 Pg C yr-1 (Sawakuchi et al. 2017; Drake et al. 
2018). Of over 250 global large-lake systems, Lake Superior is the largest freshwater lake by 
area (Herdendorf 1990) containing approximately 10% of the Earth’s freshwater (Cotner et al. 
2004). Surprisingly, robust estimates of carbon (C) fluxes in Lake Superior are notably absent 
given its areal significance and have been omitted from regional and North American C budgets 
(McDonald et al. 2013; Butman et al. 2018). Small lakes have drainage basins, which far exceed 
lake surface area and receive significant allochthonous OC inputs. Thus, these systems are 
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dominated by respiratory processes which greatly surpass internal C production leading to CO2 
supersaturation and efflux to the atmosphere (Wetzel 2001; Atilla et al. 2011). In contrast, Lake 
Superior is characterized by a low drainage basin to lake surface area ratio of 1.55 (compared to 
6.0, the average for the world’s five other largest lakes) and internal processes should govern the 
lake-wide C cycle (Kalff 2002; Cotner et al. 2004; Hanson et al. 2004; Tremblay and Gagné 
2009; Marcarelli et al. 2018).  
Currently, Lake Superior’s carbon budget is unbalanced with known C exports exceeding 
inputs. Influxes of OC (riverine, atmospheric and in-situ photosynthetic) into Lake Superior 
range between 2.4 and 9.2 Tg C yr-1 relative to estimated exports (respiration, burial and 
outflow) which are almost an order of magnitude greater (13.2 - 83.1 Tg C yr-1) (Cotner et al. 
2004; Urban et al. 2005; Sterner 2010). This discrepancy highlights critical unknowns in the C 
budget, including lake wide spatial heterogeneity in net primary production and respiration, 
which may be better resolved with enhanced spatial and temporal resolution of surface partial 
pressure of CO2 (pCO2) (McKinley et al. 2011).   
Previous pCO2 studies have yielded conflicting results as to both the direction and 
magnitude of C fluxes. Compared to measurements of metabolism, there has been a relative 
shortage of directly measured, indirectly calculated or modeled pCO2 concentrations in Lake 
Superior. Studies of summer pCO2 concentrations from June to October 1989 suggested Lake 
Superior was net autotrophic (Kelly et al. 2001). In contrast, recent observational surface pCO2 
measurements and modeled estimates have suggested that annually Lake Superior is close to 
equilibrium with the atmosphere, but displays significant spatial and temporal positive and 
negative excursions (McManus et al. 2003; Atilla et al. 2011; Karim et al. 2011; Bennington et 
al. 2012). The majority of previous estimates of pCO2 in Lake Superior have been derived from 
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temperature, alkalinity and pH (https://catalog.data.gov/dataset/great-lakes-environmental-
database-glenda) (United States Environmental Protection Agency), and the accuracy and 
precision of freshwater electrode measured pH may hamper accurate modeling of carbonate 
equilibria (Minor et al. 2019). Further, these EPA measurements are limited to two sampling 
times per year, at exclusively open lake locations. This limited spatial and temporal coverage is 
too coarse to identify potential hot “spots” and hot “moments” in CO2 fluxes and associated 
biogeochemical processes (Reed et al. 2018).   
Despite the importance of Lake Superior as one of the largest freshwater lakes on Earth, 
our understanding of current C fluxes remains limited, and we are unable to predict how the C 
budget may shift in the future due to anthropogenic and climatic forcing. The objective of this 
study was to measure the temporal and spatial variations of in-situ pCO2 from May-September 
2010 and August 2011 to better assess lake wide variations in C fluxes and provide an estimate 
of CO2 flux.  
Materials and Methods 
System 
Lake Superior (Figure 3.1) is an oligotrophic system with consistently low particulate 
organic carbon (POC, ~0.08 milligrams per liter, mg L-1) and dissolved organic carbon (DOC, 
0.8-3.2 mg L-1) concentrations (Cotner et al. 2004; Urban et al. 2005). Of the Laurentian Great 
Lakes, it is the coldest, is characterized by an offshore deep chlorophyll maximum (DCM) 
(Barbiero and Tuchman 2004) and is a dimictic system (Assel 1986). Typically, the lake water 
column is thoroughly mixed from April through June and vertically stratified from late June to 
early September, when the thermocline is positioned between 25-35 meters (m) (Austin and 
Colman 2007, 2008).   
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Sampling 
Water sampling of Lake Superior was conducted on the R/V Blue Heron during both the 
isothermal (mixed) period in May-June 2010 (May 28-June 3rd) and the thermally stratified 
condition in August-September 2010 (August 25-September 1st, September 16-17th) and August 
2011 (August 16-18th) both in the nearshore, open lake, and two river stations (Ontonagon and 
Baptism Rivers). For open lake samples, three water depths were sampled: epilimnion (~5 
meters), deep chlorophyll maximum (DCM, 30-40 meters) and hypolimnion (~100-340 meters), 
whereas for the nearshore and river stations only surface (2-5 meters) samples were collected. At 
each station, a water column profile was obtained from a Seabird model 911 Plus Conductivity, 
Temperature and Depth (CTD) profiler equipped with a chlorophyll fluorometer, dissolved 
oxygen sensor, pH meter, colored dissolved organic matter (CDOM) sensor, and altimeter.  
Partial Pressure of Carbon Dioxide (pCO2) Measurements 
pCO2 was measured in-situ with a portable infrared gas analyzer (IRGA, EGM-4 
Environmental Gas Monitor for CO2, PP Systems Amesbury, MA) connected via a peristaltic 
pump and Liqui-Cel Membrana MiniModule membrane (Charlotte, NC) to the underway system 
of the R/V Blue Heron supplied with surface water from Lake Superior at a depth of 
approximately 5 meters. Water was circulated at a continuous flow rate of 0.7 liters per minute 
(L min-1) through the Liqui-Cel Membrana MiniModule membrane connector, and the gases 
stripped from the water were distributed to EGM-4 providing a direct pCO2 measurement. Partial 
pressure of CO2 was recorded every ten minutes underway and at sample stations. The EGM-4 
was calibrated before sampling with a known gas calibration standard of 2000 parts per million 
(ppm). The instrument accuracy is approximately 1% within a detection limit between 0 and 
1,000 ppm (EGM-4 manual, 
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http://old.vtpup.cz/common/manual/PrF_biofyz_PPSystems_EGM4_manual_EN.pdf). For each of the 
sampling cruises, day and night temporal variation was also assessed. The pCO2 measurements 
did not give any inclination that the maxima occurred during the night as a respiration signal and 
the minima occurred during the day as a photosynthesis signal.  
Atmospheric pCO2 values were obtained from the WLEF-TV (LEF) tall tower 
observatory operated by National Oceanic and Atmospheric Administration Earth System 
Research Laboratory Global Monitoring Division in Park Falls, Wisconsin (4594.51’N, 
9027.32’W, 472 mean area sea level, Figure 3.1) (http://www.esrl.noaa.gov/gmd/ccgg/towers/) 
(US Department of Commerce, NOAA). Daily observations for each cruise period were 
averaged as a representative daily atmospheric pCO2 measurement value.  
Carbon Dioxide Concentrations and Flux Calculations  
 Aquatic pCO2 can be influenced by abiotic parameters such as temperature, dissolved 
inorganic carbon concentration (DIC), pH and alkalinity (Atilla et al. 2011), as well as 
photosynthesis and respiration. In order to isolate potential biological or chemical drivers of 
pCO2 (pCO2-nonT), the effect of temperature (pCO2-T) was separated from pCO2-nonT factors 
as referenced by Takahashi et al. (2002) and Atilla et al. (2011). 
(1) pCO2-T = (pCO2)mean * exp 0.038 (Tobs – Tmean) 
 
(2) pCO2-nonT = (pCO2)obs * exp 0.038 (Tmean- Tobs) 
 
where (pCO2)mean and (T)mean are long-term means measured over the course of the study (May 
2010-August 2011) and Tobs are the observed temperature of the dataset at the time of sampling. 
In order to separate temperature (pCO2-T) from all other influences, the isochemical effect of 
temperature on freshwater was determined by calculating the pCO2 across a range of 
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temperature, DIC and alkalinity. 0.038°C-1 is the coefficient representative of Lake Superior 
(Atilla et al. 2011; Minor et al. 2019).  
 Utilizing equations 1 and 2, the influence of temperature (T) and non-temperature (nonT) 
factors such as in-lake biology or differential transport from the landscape on the pCO2 of the 
surface water can be determined.  
(3) (ΔpCO2)nonT = (pCO2 at Tmean)max - (pCO2 at Tmean)min  
where (pCO2 at Tmean)max - (pCO2 at Tmean)min are the maximum and minimum values (Takahashi 
et al. 2002).  
(4) (ΔpCO2)T = (pCO2 at Tobs)max - (pCO2 at Tobs)min  
 
The effect of T and nonT factors can either be conveyed as a ratio (equation 5) or the 
difference (equation 6). 
(5) (T:nonT) = (ΔpCO2)T / (ΔpCO2)nonT           OR 
 
(6) (T - nonT) = (ΔpCO2)T - (ΔpCO2)nonT 
where (T:nonT) is greater than 1 or (T – nonT) is positive, temperature is the driver and where 
(T:nonT) is less than 1 or (T – nonT) is negative, nonT factors, traditionally considered primarily 
biology, are the driver. If the (T:nonT) is 1 or (T – nonT) is 0, then T and nonT are equal and 
cancel each other out (Takahashi et al. 2002). 
Estimates of CO2 gas exchange between the lake and atmosphere were calculated via 
equation 7 for the individual lake stations sampled:  
(7) Flux = kT * K0 * [pCO2water - pCO2air] 
where kT is the exchange velocity (meters hour
-1) and K0 is the solubility of CO2 in freshwater. 
Exchange velocity was calculated using this formula relating wind-speed to gas exchange in 
lakes (Cole and Caraco 1998): 
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(8) kT = k600 * (ScT/600)n 
k600 is the exchange velocity for freshwater at 20°C and is calculated using wind speed 
normalized to a height of 10 meters (U10) above the lake surface (Wanninkhof 1992): 
(9) k600 = [(2.07 + 0.215 * U101.7) / 100] 
(10) U10 = Uz * 1.4125z-0.15 
where z is the height at wind speed U. 
The Schmidt coefficient (ScT) for CO2 is dependent on temperature (T) (Wanninkhof 1992):  
(11) ScT = 1911.1 – 118.11 * T + 3.4527 * T2 – 0.04132 * T3 
Surface water temperature was retrieved from CTD data at each station, and air temperature and 
wind speed were used from the buoy closest to each sampling station listed in the National Data 
Buoy Center (www.ndbc.noaa.gov) (US Department of Commerce, National Oceanic and 
Atmospheric Administration, National Weather Service).  
Statistical Analysis 
A linear fit was used to analyze the relationships between pCO2 and its components (T 
and nonT, refer to equations 1 and 2) for May, August and September 2010 and August 2011. 
The correlation coefficient (r) value provided signified the strength of the relationship between 
pCO2 and pCO2-T and pCO2 to pCO2-nonT. All statistical analyses were conducted in OriginPro 
2018. Data are presented as means ± standard deviation. 
Results 
Environmental Parameters of Lake Superior  
 Lake Superior was isothermal in both May and June 2010 with consistent temperature 
values from the epilimnion to hypolimnion. Surface values ranged from 3.5°C to 3.9°C (average 
3.7 ± 0.2°C) at the open lake stations. Baptism and Ontonagon river-mouth sites were 1 to 5°C 
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warmer than the open lake. As air temperatures warmed in August and September 2010, Lake 
Superior became vertically stratified. Temperatures at the surface averaged at 14.9 ± 5.3°C 
during the August 2010 sampling period and 9.7 ± 0.9°C during the nearshore sampling in 
September 2010, which was approximately 3-5°C warmer than May 2010. For the western 
transect in August 2011, average surface temperatures were 17.6 ± 1.7°C (Table 3.1).   
 Concentrations of dissolved organic carbon (DOC) ranged from 85.8 to 133.2 
micromoles of carbon per liter (μM, average 96.6 ± 12.6 μM) for 2010. DOC increased from 
average 92.9 ± 7.7 μM in May to average 99.9 ± 11.3 μM with vertical stratification in August 
where concentrations were greatest in the epilimnion. Concentrations of DOC in Ontonagon 
River were approximately 1.5 times than Baptism River and the open lake stations for both May 
and August. In September 2010, there was a decline in the DOC concentration from the 
nearshore station OL1 to the open lake station, Western Mooring, with a peak in DOC 
concentration at OL2 of 133.2 μM. DOC concentrations were not measured in August 2011 
(Table 3.1). 
 The surface water pCO2 concentrations for nearshore and open lake stations ranged from 
218 to 461 microatmospheres (µatm, average 388 ± 53 µatm) in 2010 and 2011. Surprisingly in 
May 2010, both Ontonagon and Baptism Rivers were undersaturated relative to atmospheric 
values (Table 3.1). The pCO2 concentrations decreased between May 2010 and August 2010 for 
all stations with the exception of the western arm of the lake (Western Mooring, Ontonagon and 
Baptism Rivers). In September 2010, pCO2 concentrations decreased from the nearshore OL1 
station to Western Mooring. Similar trends were seen in August 2011 with a decrease in pCO2 
from OL7 to Western Mooring. Concentrations of CO2 were generally greater in the western 
than eastern arm of the lake (Table 3.1). 
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Spatial Distribution of pCO2 Along Sampling Transects 
 In May 2010, 282 pCO2 measurements were made along the cruise track. pCO2 ranged 
from 157 to 600 µatm. The average pCO2 for the sampling period was 407 ± 71 µatm, which was 
slightly higher than the atmospheric pCO2 of 392 µatm. 63.5% of the values in May were 
oversaturated relative to the atmosphere (Figure 3.2). 
 In August 2010, the cruise track yielded 389 pCO2 measurements. Values ranged from 
318 to 795 µatm (average 427 ± 69 µatm). Relative to the atmosphere, 63.5% of the aquatic 
measurements were oversaturated with pCO2. Higher pCO2 concentrations were measured from 
Ontonagon and Baptism River and Keweenaw Peninsula transects. There is a gap in sampling on 
the eastern arm due to EGM-4 malfunctioning (Figure 3.3).  
 The September 2010 cruise track extended from nearshore, close to Duluth Harbor, to the 
Western Mooring. Along the track, 137 measurements ranged from 354 to 808 µatm (average 
468 ± 109 µatm). 88.3% of pCO2 measurements were oversaturated with CO2 relative to the 
atmosphere. pCO2 concentrations were greatest near Duluth Harbor and for part of the transect 
heading toward Western Mooring (Figure 3.4). 
 The August 2011 cruise track was similar to that of September 2010 covering the 
nearshore from Duluth Harbor to Western Mooring. pCO2 measurements ranged from 287 to 664 
µatm (average 364 ± 56 µatm, n = 153). 35% of the samples were oversaturated relative to the 
atmospheric pCO2 of 372 µatm. The cruise track also indicated no hot spots of CO2, except near 
Duluth Harbor, as was seen in September 2010 (Figure 3.5). 
Drivers of Surface Water pCO2 
CO2 concentrations are influenced by temperature, DIC concentration, pH and alkalinity 
(Takahashi et al. 2002; Atilla et al. 2011). Temperature (T) can be separated from other 
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biological and chemical factors (nonT), as referenced by equations 1-6 above (Takahashi et al. 
2002; Atilla et al. 2011). pCO2 was significantly correlated with the nonT components (r = 0.93, 
May 2010; r = 0.62, August 2010; r = 0.98, September 2010; r =  0.83, August 2011), but lacked 
a correlation with T components (r = 0.26, May 2011; r = 0.05, August 2010; r = 0.14, 
September 2010; r = 0.13, August 2011) (Figure 3.7).  
The ratio of pCO2-T to pCO2-nonT was further assessed (Takahashi et al. 2002; Pilcher et 
al. 2015; Minor et al. 2019). These ratios are significant in providing explanations for the 
underlying forces (abiotic or biotic) on the pCO2 observed. When the ratio of pCO2-T to pCO2-
nonT is calculated, the abiotic is the driver when T:nonT is greater than 1 and when T:nonT is 
less than 1, biology is the driver (Takahashi et al. 2002). The ratios were 0.32 in May 2010, 0.53 
in August 2010, 0.17 in September 2010 and 0.44 in August 2011 (Figure 3.8). In attempt to 
confirm the pCO2 driver, the difference between pCO2-T to pCO2-nonT was also calculated. The 
differences were -347.08 in May 2010, -280.61 in August 2010, -330.46 in September 2010 and -
258.50 in August 2011 (Figure 3.9). 
Air-Water CO2 Flux at Lake Superior Sampling Stations 
Air-water CO2 flux calculations were made for each individual sampling station from 
May 2010 to August 2011. Flux calculations utilized the respective stations’ surface pCO2 
concentration across Lake Superior to determine if each station acted as a source or sink of CO2 
(refer to equations 7-11). The station fluxes were averaged to create an air-water CO2 flux 
estimate for each respective sampling period. With pCO2 values ranging from 218 to 461 µatm at 
the respective stations from May 2010-August 2011, air-water CO2 flux ranged from -1.78 to 
0.71 g C m-2 d-1 (Table 2). In May 2010, Lake Superior averaged greater positive (source) than 
negative fluxes. With the onset of stratification in August, Lake Superior became a greater 
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carbon sink (negative). For the September 2010 transect from OL1 to Western Mooring, the flux 
changed from positive to negative from nearshore to the open lake. This was not seen in August 
2011 in a similar transect to Western Mooring from nearshore. The spatial variability in air-water 
CO2 flux mirrored the pCO2 distribution across the lake (Table 3.2, Figure 3.6).  
Discussion  
Although diagnosing the metabolic balance and C budget of Lake Superior has been the 
subject of numerous studies, the results have been conflicting. Earlier studies concluded the lake 
to be net autotrophic (Weiler 1978; Kelly et al. 2001), and more recent studies net heterotrophic 
(Cotner et al. 2004; Russ et al. 2004; Urban et al. 2005; Atilla et al. 2011; Bennington et al. 
2012; Matsumoto et al. 2015; Brothers and Sibley 2018).  
Currently, there are only two studies that directly measure pCO2 in Lake Superior (Kelly 
et al. 2001; Atilla et al. 2011). Kelly et al. (2001) measured an average mid-summer pCO2 of 227 
μatm with little variability and found the lake to be undersaturated relative to atmospheric values. 
Through a subsurface deployed mooring (SAMI-CO2), Atilla et al. (2011) sampled Lake 
Superior from June-September 2001 and found variations in summertime pCO2, in addition to 
observing diurnal change of temperature and pCO2. Our results expand pCO2 measurements 
across both nearshore and open lake transects to provide more comprehensive coverage and 
identify potential hot spots of metabolic activity.  
Spatial and Temporal Patterns in Surface pCO2 Concentrations 
 Prior to summer stratification, the water column is isothermal, promoting mixing from 
surface to depth and homogenization of OC sources. In the May 2010 cruise track (Figure 3.2), 
of the 282 direct measurements of pCO2, 63.5% of the samples were significantly greater than 
atmospheric pCO2, suggesting CO2 efflux from the lake and that respiration is dominating Lake 
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Superior. Based on calculated pCO2, at open lake stations, Karim also concluded the lake was a 
source of CO2 to the atmosphere during the spring (Karim et al. 2011). Independent stable 
isotopic metabolic studies further corroborate these findings (Refer to Chapter 4) (Russ et al. 
2004). Winter under-ice accumulation and release of respiratory CO2 with water column 
turnover following winter stratification contributes a fraction to the measured pCO2 
concentration. Conceivably, the elevated surface pCO2 concentrations between Northern and 
Eastern Moorings may reflect the delayed ventilation of respiratory CO2 due to its much greater 
water column depth (150-210 meters) compared to Western Mooring (127 meters). A portion of 
this flux is also fueled by delivery and oxidation of allochthonous OC from river run off and 
snowmelt (Marcarelli et al. 2018), although we do not see a strong peak in pCO2 at nearshore 
stations. Nearshore pCO2 concentrations may be partially modulated by simultaneous 
phytoplankton CO2 drawdown stimulated by inorganic nutrient inputs. It is noteworthy that 
pCO2 concentrations just offshore of the mouths of Ontonagon and Baptism Rivers were 
significantly below atmospheric values, suggesting little pre-processing of terrestrial OC in these 
regions as well as a potential hot spot of labile, algal OC. Chlorophyll a concentrations for 
Ontonagon and Baptism River were 1-2 times (3.2-3.9 mg m-3) greater than open lake stations 
(1.8-2.8 mg m-3). 
In August 2010 (Figure 3.3), transects were more focused on nearshore rather than open 
lake. The discharge of Baptism and Ontonagon Rivers had concentrations of pCO2 similar to 
open lake stations. One reason for this may be that the rivers proper were not sampled, but rather 
the discharge mixed with lake water offshore the mouths of these rivers. Urban and Desai (2009) 
also attributed lowered pCO2 levels in the region to Ontonagon River not being an “embayment” 
and its ability to mix with the lake. The rivers may be exporting fluvial phytoplankton to the 
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lake, which draws down the riverine pCO2. From May 2010 to August 2010, the average pCO2 
increased from 407 μatm to 426 μatm. Samples nearshore from these tributaries and Keweenaw 
Peninsula had a higher concentration of pCO2 than offshore samples (Figure 3.3). These 
nearshore locations are exposed to allochthonous DOC whose molecular characteristics are often 
associated with a range of labilities (Zigah et al. 2011). In addition, photo-exposure may render a 
portion of DOC accessible to microbial degradation (Moran and Zepp 1997; Minor and Stephens 
2008). Russ et al. (2004) found that there was spatial heterogeneity for respiration and 
production due to variations in temperature, light and nutrients. Lake Superior’s bacterial and 
phytoplankton community has been shown to be manipulated by temperature (del Giorgio et al. 
1997; Cotner and Biddanda 2002; Russ et al. 2004). Warming near the coast may allow for 
increased bacterial respiration of OC relative to offshore stations. This could be one explanation 
to clarify the difference between higher nearshore and lower offshore pCO2 concentrations (Reed 
et al. 2018). 
 The September 2010 and August 2011 cruise tracks (Figures 3.4 and 3.5) focused on the 
western arm of Lake Superior. pCO2 is highest near the mouth of Duluth Harbor for both 
September 2010 and August 2011. Near the harbor, there is a strong input of terrestrial organic 
matter. DOC levels are 5 to 20 times higher in harbor water and harbor/river impacted water; the 
nearshore lake is 2 to 3 times higher than open lake concentrations for several kilometers (E. 
Minor, unpublished). This colored terrestrial organic matter is highly susceptible to photo-
alteration enhancing its bioavailability (Moran and Zepp 1997). In September 2010, there is a 
clear hot spot of surface pCO2 where concentrations of 450-600 μatm occurred on both sides of 
the transect (Figure 3.4). Given its spatial extent, Lake Superior is subject to surface gravitational 
waves, long topographically steered internal waves, coastal currents, internal gravitational 
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waves, upwelling-downwelling and wind driven horizontal currents, which strongly impact the 
depth and strength of the thermocline (Fee et al. 1996; Bennington et al. 2010; Austin 2013). 
Near-inertial processes in Lake Superior have led to thermocline displacement and sediment 
resuspension particularly along the 40-80 meter isobaths and these elevated surface pCO2 values 
may reflect outgassing from the sediments and hypolimnion (Austin 2013).   
Biotic versus Abiotic Influences on pCO2 
Although alterations in pCO2 are often viewed as a reflection of metabolic processes, 
shifts in pCO2 may be a function of seasonal and diurnal temperature variations. Evaluation of 
pCO2 and its temperature/non-temperature constituents provides strong indication for Lake 
Superior’s surface pCO2 to be directed by non-temperature factors (Figures 3.7-3.9), as previous 
studies have found (Atilla et al. 2011; Minor et al. 2019). pCO2 and nonT were strongly 
correlated (r = 0.62-0.98) for May-September 2010 and August 2011. Both the ratio for T:nonT 
and difference between T-nonT supports this conclusion. The ratios ranged between 0.17 and 
0.53 (Figure 3.8) and the difference between pCO2-T to pCO2-nonT ranged from -347.08 to -
258.50 (Figure 3.9). The difference between T-nonT was previously calculated for Lake Superior 
in Minor et al. (2019) and the published values are within range of our values. Further, 
Takahashi et al. (2002) and Minor et al. (2019) found nonT as the primary driver of pCO2 for the 
latitudes higher than 45°. Lake Superior is located between 46 and 47°N. Our data support that 
these variations in pCO2 for Lake Superior can be explained primarily by changes in biological 
factors or chemical factors most likely related to transport from the surrounding landscape.  
Comparisons of Annual CO2 Fluxes Across the Great Lakes 
The difference between the pCO2 in surface waters and in the overlying atmosphere 
represents the thermodynamic driving force for CO2 fluxes. Flux can also be impacted by wind 
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speed, temperature, pH and solubility coefficient (Refer to equations 7-11). Utilizing the 
individual station flux measurements within a sampling period, an overall average was 
calculated. It should be noted that the spatial extent of each of these sampling periods varies, so 
comparing these values to one another may make it difficult in coming to any valid conclusions. 
In May 2010, Lake Superior is a slight source to the atmosphere of 0.05 grams of carbon per 
meter squared per day (g C m-2 d-1). The western arm of the lake that encompasses Western 
Mooring and Ontonagon/Baptism River appear to have transitioned to a sink of CO2 before the 
rest of the lake (Table 3.2, Figure 3.6). In August 2010, the lake shifts to becoming a slight sink 
with a flux of -0.35 g C m-2 d-1 (Table 3.2, Figure 3.6). This influx of CO2 in the summer is 
supported by Sterner’s revised net primary production rates (Sterner 2010, 2011). With an 
increased value of primary production (Cotner et al. 2004 and Urban et al. 2005), summer pCO2 
should be lower due to a greater algal uptake of CO2. Eastern and Southern Mooring are 
particularly strong sinks with flux estimates at -0.62 and -1.78 g C m-2 d-1, respectively. This 
pattern does not hold true for the September 2010 and August 2011 transects from Duluth 
Harbor to Western Mooring when the lake becomes a slight source of CO2 (0.34 and 0.11 g C m
-
2 d-1, respectively; Table 3.2, Figure 3.6). Unlike the previous sampling periods, in August 2011, 
Western Mooring is a source of CO2 (0.51 g C m
-2 d-1; Table 3.2, Figure 3.6). It is unclear what 
led to this shift in the system. One potential explanation could be the increase in temperature 
from 3.5 to 18.6°C. It has been hypothesized in lakes such as Lake Superior that a rise in 
temperature will lead to an exponential increase in metabolic rates (photosynthesis and/or 
respiration) (Kraemer et al. 2016). 
To develop an annual CO2 flux for this study, flux calculations were estimated for May, 
August and September 2010 cruises. Bennington et al. (2012) created a modeled CO2 flux by 
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breaking down the calendar year into periods of mixing and cooling (stratification) with mean ice 
cover (Refer to Figure 11a, b; Bennington et al. 2012). Based off these figures, it was assumed 
that there was some percentage of ice coverage from January to May (~144 days) and that with 
ice cover and concurrent winter stratification there was no CO2 flux. The warming period from 
May to end of June was estimated to be 61 days, then came the warm stratified summer period 
from July to August (62 days), and the period from the beginning to the end of fall cooling was 
98 days totaling 221 days. Taking into account the fluxes calculated for each of periods sampled 
and their respective length, it is roughly estimated that the annual flux of CO2 for Lake Superior 
is 0.97 Tg C yr-1 (Table 3.3). It is understood that this value is an underestimate as we are 
assuming zero CO2 flux with ice cover and estimating period lengths on a model, but it provides 
an approximation with direct pCO2 measurements. During the winter, Lake Superior undergoes a 
period of weak inverse restratification with cooler temperatures sitting on warmer temperatures 
(Assel 1986). Duration and extent of ice coverage during the winter has the potential to increase 
pCO2 in the surface waters, as the ice will be a barrier to prevent air-water flux (Austin and 
Colman 2007; Bennington et al. 2012). Minnesota and Wisconsin lakes have shown pCO2 build-
up in winter and degassing following ice break-up (Striegl et al. 2001). This flux calculation 
takes into account real time pCO2 concentrations across a vast portion of Lake Superior that has 
either been understudied or never previously studied before.  
The annual value for this study’s calculated CO2 flux is in the range of other lake 
systems, the Great Lakes, and other Lake Superior studies (Table 3.3). Globally, lakes are 
believed to emit 70 g C m-2 a-1 (Cole et al. 1994).. The mean summertime flux of CO2 from lake 
surfaces in the contiguous United States is 0.26 g C m-2 d-1 (McDonald et al. 2013). Great Lakes 
ranged between -0.04 to 0.30 g C m-2 d-1 mid-summer (Karim et al. 2011). Other studies on Lake 
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Superior measured annual fluxes from -2.8 to 12 Tg C yr-1 (Kelly et al. 2001; Urban et al. 2005; 
Alin and Johnson 2007; Atilla et al. 2011; Bennington et al. 2012; Phillips et al. 2015; Brothers 
and Sibley 2018). CO2 flux estimates were summarized for the Great Lakes in 2011 (McKinley 
et al. 2011). Fluxes for the Great Lakes ranged from -0.53 to 0.80 Tg C yr-1 with a summation 
flux of 2.3 Tg C yr-1. Lakes Superior, Michigan and Huron were slight sources and Lakes Erie 
and Ontario are slight sinks (Table 3.3). The calculated flux of this study is in range of McKinley 
et al. 2011’s flux value for Lake Superior of 0.80 Tg C yr-1 (Table 3.3).  
Ecological Implications  
Temperatures in Lake Superior have increased 1.2 ± 0.7°C/decade (Austin and Colman 
2007, 2008). As temperature increases, there will be less ice cover, more mixing and 
resuspension, and an increase in nutrients (Russ et al. 2004; Jansson et al. 2008; Bennington et 
al. 2010; Reed et al. 2018). With warming, recent trends show Lake Superior will experience 
increased precipitation and storminess, which may increase terrestrial primary production and 
mobilization/export of DOC ultimately increasing lake pCO2 (Jansson et al. 2008; Roehm et al. 
2009; Walsh et al. 2014; Reed et al. 2018). In this decade alone, western Lake Superior has 
already experienced 3 “500-year” flood events (Minor et al. 2014). Lake Superior is also 
expected to get “windier” (Lehman 2002; Austin and Colman 2007). This is of significance, as 
wind is a variable in the flux equation. Winds were invariable spatially and temporally with less 
than 8 meters per second difference across the study period. More powerful winds can increase 
the exchange of CO2 across the air-water interface and the determination of Lake Superior as a 
significant source or sink to the global carbon cycle (Desai et al. 2009). Warming and increased 
winds jointly will intensify CO2 flux to the atmosphere. 
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Partial pressure of CO2 across latitudes for the surface waters of large lakes average 850 
μatm with a flux of 72 g C m-2 yr-1 (Alin and Johnson 2007). Both pCO2 and CO2 fluxes increase 
with latitude; there is a shift from autotrophy to heterotrophy with latitude (0-67° N, Alin and 
Johnson 2007). When considering CO2 without any other contributing factors, in low latitudes, 
higher primary production draws down CO2 in the surface water (Alin and Johnson 2007). As 
you increase in latitude, primary production decreases resulting in more heterotrophic systems. 
With an average latitude of 47°, Lake Superior falls in the middle of Alin and Johnson’s study 
(2007). The results of this study are consistent with Alin and Johnson (2007) where Lake 
Superior is in a transitional zone and could shift between autotrophy and heterotrophy.  
Conclusions Regarding Lake Superior Metabolism 
 This study is the first to demonstrate spatial and temporal heterogeneity in Lake 
Superior’s pCO2. With direct measurements of pCO2, we were able to document potential hot 
spots and hot moments across the lake that would have been missed through indirect 
measurements or modeling. From these direct measurements, we have been able to gather an 
understanding of the metabolism of the system and how it fluctuates, both in space and time, 
which has been lacking. Previous studies that lacked direct in-situ measurements missed 
important hot spots and fluxes that are a part of the carbon contribution. The trophic status of the 
Lake Superior shifts seasonally, as net heterotrophy dominates in the spring when respiration is 
greater than production and with the onset of stratification, the lake shifts to net autotrophy. 
Based on these direct measurements, Lake Superior annual CO2 flux is estimated to be 0.97 Tg C 
yr-1.  
With the uncertainty that lingers in global climate change and the future impacts it will 
have on the Laurentian Great Lakes, more specifically Lake Superior, this study stresses the need 
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for better pCO2 observations that are more direct measurements, spatially and temporally 
focused. Coverage for pCO2 measurements are lacking in nearshore regions and in the 
wintertime. These specific data will help to close the gap on our understanding of the variability 
and drivers of Lake Superior’s pCO2 and provide a more complete seasonal and annual cycle. It 
can also be used in conjunction to provide better explanation of how these lakes will change with 
future variability in atmospheric CO2 concentrations, temperature, wind, and pH. 
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Table 3.1. Physical and chemical properties of Lake Superior between May 2010 and August 
2011. Temperature (°C); dissolved organic carbon (DOC, micromoles of carbon per liter, μM); 
partial pressure of carbon dioxide (pCO2, microatmosphere, µatm); Atmospheric pCO2 (µatm). 
Values represent surface water measurements at ~ 5 meters. 
 
Sampling Date Station Temperature DOC pCO2  Atmospheric pCO2 
May-10 
Western Mooring 3.5 91.2 373 
392 
Central Mooring 3.5 88.7 456 
Northern Mooring 3.8 90.0 445 
Eastern Mooring 3.6 91.9 442 
Southern Mooring 3.9 89.1 442 
Ontonagon River 8.1 110.1 218 
Baptism River 4.4 89.7 356 
Aug-10 
Western Mooring 11.3 99.0 381 
389 
Central Mooring 17.1 102.8 378 
Eastern Mooring 17.3 93.3 364 
Southern Mooring 18.8 98.1 350 
Ontonagon River 19.2 119.8 364 
Baptism River 5.9 86.1 453 
Sep-10 
OL1± 10.8 125.7 461 
384 
OL2± 8.8 133.2 401 
OL3± 10.0 97.2 428 
Western Mooring 9.0 85.8 382 
Aug-11 
OL4± 19 ndǂ 333 
372 
OL5± 18.7 ndǂ 365 
OL6± 15.1 ndǂ 407 
OL7± 16.7 ndǂ 404 
Western Mooring 18.6 ndǂ 385 
± OL refers to open lake samples     
ǂ Not determined      
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Table 3.2. Surface air-water carbon flux (grams of carbon per meter squared per day, g C m-2 d-
1) for stations across Lake Superior from May 2010 to August 2011. Positive flux indicates a 
source, negative flux indicates a sink. 
 
 
 
 
 
 
 
Sampling Date Station Flux  
May-10 
Western Mooring  -0.10 
Central Mooring  0.35 
Northern Mooring 0.64 
Eastern Mooring 0.55 
Southern Mooring  0.21 
Ontonagon River -1.15 
Baptism River -0.17 
Aug-10 
Western Mooring -0.03 
Central Mooring  -0.22 
Eastern Mooring -0.62 
Southern Mooring  -1.78 
Ontonagon River -0.14 
Baptism River 0.71 
Sep-10 
Western Mooring -0.01 
OL1 0.60 
OL2 0.33 
OL3 0.42 
Aug-11 
Western Mooring 0.51 
OL4 -0.36 
OL5 -0.31 
OL6 0.37 
OL7 0.31 
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Table 3.3. Estimates of net CO2 fluxes for Lake Superior (teragrams of carbon per year, Tg C yr
-
1) in relation to published values of CO2 flux for the Laurentian Great Lakes. Positive flux 
indicates a source, negative flux indicates a sink. 
 
Location CO2 Flux Source  
Lake Superior 
0.97 This Study 
3.99 (Urban et al. 2005) 
11.86 (Alin and Johnson 2007) 
1.30 (Atilla et al. 2011) 
0.19 (Bennington et al. 2012) 
-2.81 (Kelly et al. 2001) 
-0.40 (Brothers and Sibley 2018) 
0.80 
(McKinley et al. 2011) 
Lake Michigan 0.25 
Lake Huron 0.07 
Lake Erie -0.47 
Lake Ontario -0.53 
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Figure 3.1. Sampling map of Lake Superior for cruises May 2010-August 2011. WLEF-TV 
(LEF) tall tower observatory marked as reference point for atmospheric pCO2 values.  
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Figure 3.2. Underway pCO2 (microatmospheres, μatm) measurements along May 2010 (May 
28-June 3rd) cruise track for Lake Superior surface water.  
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Figure 3.3. Underway pCO2 (microatmospheres, μatm) measurements along August 2010 
(August 25-September 1st) cruise track for Lake Superior surface water.  
 
 
 
 
 
 
 
 
 
 
 
105 
 
Figure 3.4. Underway pCO2 (microatmospheres, μatm) measurements along September 2010 
(September 16-17th) cruise track for Lake Superior surface water.  
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Figure 3.5. Underway pCO2 (microatmospheres, μatm) measurements along August 2011 
(August 16-18th) cruise track for Lake Superior surface water.  
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Figure 3.6. Air-water CO2 flux (grams of carbon per meter squared per day, g C m
-2 d-1) for each 
station measured in May 2010 (A.), August 2010 (B.), September 2010 (C.) and August 2011 
(D.) cruises. A positive flux (light gray) indicates a source; negative flux (dark gray) indicates a 
sink.  
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Figure 3.7. Relationships between pCO2-nonT (non-temperature) with pCO2 and pCO2-T 
(temperature) with pCO2 for May 2010 (A-B.), August 2010 (C-D.), September 2010 (E-F.) and 
August 2011 (G-H.). 
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Figure 3.8. Ratio of temperature (pCO2-T) to non-temperature (pCO2-nonT) for May, August 
and September 2010 and August 2011.  
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Figure 3.9. Difference between temperature (pCO2-T) to non-temperature (pCO2-nonT) for 
May, August and September 2010 and August 2011.  
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CHAPTER 4.  
An Isotopic Approach to Evaluate the Metabolic State of Lake Superior: A Historical and 
Current Perspective 
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Abstract 
As a means to assess the metabolic state of Lake Superior, we collected in-situ measurements of 
oxygen-18 (δ18O) with percent (%) oxygen saturation measurements at nearshore and open lake 
stations during the mixed (May 2010, June 2011) and stratified (August, September 2010, 
August 2011) periods in Lake Superior. Our study was coupled with previous datasets by Russ et 
al. (2004) and Karim et al. (2011) to assess how climate change is shifting the metabolism of the 
lake over the past decade from 1999 to 2011. The isotopic analysis of δ18ODO revealed Lake 
Superior to be dominated by respiration during isothermal conditions and reverts to production 
dominance with the onset of stratification. In the past decade, surface water temperatures have 
increased by 1-2°C. As temperatures continue to increase in Lake Superior, causing earlier and a 
longer duration of stratification, the metabolic state is also expected to shift to a shorter net 
heterotrophic (respiration dominated) period in the spring and a longer net autotrophic 
(production dominated) period in the summer.  
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Introduction 
With more than 250 large lakes in the world, the understanding of the ecology and carbon 
(C) cycling has been poorly documented (Alin and Johnson 2007; Tranvik et al. 2018). In the 
past decade, our knowledge on inland waters has expanded from passive pipes that simply 
transport carbon from land to ocean to a more complex and active pipe (Cole et al. 2007; Drake 
et al. 2018). Lakes serve as sites of abiotic and biotic carbon transformation from both internal 
sources and the catchment, store carbon within sediments, passively transport more refractory 
organic carbon to downstream systems or outgas back to the atmosphere (Cole et al. 2007; 
Tranvik et al. 2009; Guillemette and del Giorgio 2011; Raymond et al. 2013). During different 
periods of time, lakes have the ability to serve as both sources and sinks of carbon relative to the 
atmosphere depending on the physical, chemical and biological processes occurring within the 
lake (Shao et al. 2015; Reed et al. 2018). This balance can also be controlled by lake metabolic 
processes (Reed et al. 2018). A portion of this oversaturation may result from ultraviolet 
photodegradation of organic carbon, as well as passive transport of CO2 from ground and surface 
water derived from soil respiration and mineral weathering. Multiple studies have shown that a 
fraction of the efflux is attributable to in-situ respiration of terrestrial organic carbon (del Giorgio 
et al. 1997; Karlsson et al. 2007; McCallister and del Giorgio 2008). 
Isotopic and metabolic studies, carbon box models, and direct and modeled partial 
pressure of carbon dioxide (pCO2) concentrations have yielded conflicting results as to both the 
direction and magnitude of C fluxes. Specifically, in Lake Superior, studies using dissolved 
oxygen (O2), lake chemistry (Weiler 1978) and summer pCO2 concentrations (Kelly et al. 2001) 
suggested Lake Superior was net autotrophic given O2 supersaturation and CO2 undersaturation 
relative to the atmosphere. Rates of respiration have been reported ranging from 13 to 81 
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teragrams of carbon per year (Tg C yr-1) which were not sustainable by rates of in-situ primary 
production nor external allochthonous inputs (Cotner et al. 2004; Urban et al. 2005; Sterner 
2010) highlighting significant imbalances between C inputs and exports. More recently, pCO2 
direct measurements and models point to Lake Superior being near equilibrium with the 
atmosphere, having the ability to shift seasonally (Atilla et al. 2011; Karim et al. 2011; 
Bennington et al. 2012). Of the numerous methods employed to determine the trophic status of 
aquatic systems, the combination of isotopic analysis and measurement of partial pressures of O2 
and CO2 in surface waters has proven particularly insightful as it helps to delineate metabolic 
balance as well as C sources, internal cycling and exchange with the atmosphere (Dubois et al. 
2009; Karim et al. 2011; Staehr et al. 2012). 
Pelagic pCO2 dynamics in lakes are regulated by three primary biogeochemical 
processes, production, respiration and atmospheric exchange, whose relative importance may be 
determined from the stable isotopes of dissolved oxygen (Karim et al. 2011). Stable isotopes of 
oxygen (δ18O) have been used individually and jointly (Parker et al. 2005; Trojanowska et al. 
2008; Dubois et al. 2009; Bass et al. 2010; Karim et al. 2011) to assess the metabolic state of 
aquatic systems. These isotopic measurements can better illuminate temporal and spatial 
variations in the balance between photosynthesis and respiration in lake ecosystems. Oxygen-18 
is discriminated against during respiration resulting in a higher δ18O (more positive). 
Photosynthesis produces dissolved oxygen, lowering δ18O (more negative) (Karim et al. 2008; 
Dubois et al. 2009; Bass et al. 2010). Stable isotopes of δ18O can be employed to assess the 
relative contributions of primary production, respiration and atmospheric exchange in aquatic 
systems and act as ecosystem metabolic tracers (Dubois et al. 2009; Karim et al. 2011). 
 
 
 
115 
Developing a current understanding of lake ecosystem metabolism is essential to forecast 
how future climate change, alterations in atmospheric deposition and land use change will impact 
the balance between photosynthesis and respiration. Since the original efforts to diagnose the 
metabolic balance of Lake Superior, numerous physical and environmental changes have 
occurred as a result of climatic and anthropogenic disturbances with unknown consequences to 
the C budget of Lake Superior. Lake Superior’s open-water summer surface temperature has 
increased by ~3.5°C over the last century due to a decline in ice coverage and has resulted in an 
increase in the stratified period from 145 to 170 days per year (Austin and Colman 2007, 2008). 
As water temperatures increase linearly, there will be an exponential increase in metabolic rates 
(Boltzmann Factor) (Brown et al. 2004; Kraemer et al. 2016). Wind speeds have increased across 
the lake, which can have the potential to increase the mixed-layer depth of the lake (Austin and 
Colman 2007; Desai et al. 2009). Changes in the thermocline depth and structure can result in 
more frequent seiches and near-inertial currents (Austin 2013).  
In addition to physical changes, Lake Superior has undergone internal changes that could 
potentially alter the metabolic state of the lake. Although considered the most pristine of the 
Laurentian Great Lakes, there have been recent harmful algal blooms (HABs) outbreaks 
suggesting nutrient enrichment (Evans et al. 2011). Further, the potential influence of increasing 
atmospheric CO2 and decreasing lake pH on the C cycle remains unidentified (Phillips et al. 
2015). The proliferation of invasive Dresissenid mussels has undoubtedly resulted in decreased 
aquatic primary production and undetermined impacts to the C cycle (Evans et al. 2011; Butman 
et al. 2018). Lake Superior’s water chemistry has also changed. There has been a documented 
decline in total phosphorus from 0.16 to 0.07 micromoles (μM) and an increase in nitrate from 5 
to 25 μM (Sterner et al. 2007; Kireta and Saros 2019). These multiple alterations have the 
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potential to increase primary production, enhance algal growth, and stimulate microbial 
respiration.  
The objective of this study was to measure the temporal variations in δ18ODO coupled 
with percent (%) oxygen saturation to better assess lake wide variations in the metabolic balance 
of Lake Superior. Our data will be compared to previously published values (Russ et al. 2004; 
Karim et al. 2011) to evaluate how Lake Superior’s metabolism has changed over the last decade 
from 1999 to 2011.  
Materials and Methods 
System 
Lake Superior (Figure 4.1) is an oligotrophic system (Cotner et al. 2004; Urban et al. 
2005). Lake Superior has a surface area of 82,100 km2 and a water volume of 12,100 km3. The 
average depth of Lake Superior is 147 meters (m) with a maximum depth of 406 m. Lake 
Superior is a dimictic system. With each passing year, ice cover on the lake is diminishing (Assel 
et al. 2003). Although Lake Superior receives over half its annual water supply from discharges 
of 2,800 small and large tributaries, these inputs have historically not been considered as 
significant to the lake’s biogeochemical cycles (Thompson 1978; Marcarelli et al. 2018). These 
small and large tributaries impact the coastal and nearshore environment through deposition of 
nutrients and organic carbon, which can further impact the open waters of Lake Superior 
(Marcarelli et al. 2018). 
Sampling 
Samples were collected on Lake Superior on the R/V Blue Heron during spring mixing in 
May-June 2010 (May 28-June 3rd) and June 2011 (June 14-20th) and thermal stratification in 
August-September 2010 (August 25-September 1st, September 16-17th) and August 2011 
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(August 16-18th) at nearshore, open lake, and two river stations (Ontonagon and Baptism 
Rivers). Water was collected at three depths at the open lake stations: epilimnion (~5 m), deep 
chlorophyll maximum (DCM, 30-40 m) and hypolimnion (~100-340 m). The epilimnion (2-5 m) 
only was sampled for nearshore and river stations. Lake water samples were collected using 8 
liter (L) Niskin bottles mounted on a rosette along with a Seabird model 911 Plus Conductivity, 
Temperature and Depth (CTD) profiler.  
% Oxygen Saturation  
Unfiltered water was collected from Niskin bottles into 300-milliliter (mL) glass acid 
washed Wheaton biological oxygen demand (BOD) bottles by rinsing three times with sample 
and then overflowing for 1 minute and sealed with an airtight glass stopper. Samples were placed 
in a cooler in the dark with Lake Superior water at in-situ temperature. Percent oxygen saturation 
was measured SP-PSt3-PSUP-YOP-D5 O2 sensor spots, fiber-optic oxygen meter, PreSens Fibox 
3, and recorded with the OxyView 3.51 software (PreSens GmbH, Regensburg, Germany; 
Warkentin et al. 2007). These sensor spots were adhered to the BOD bottle by silicone glue and 
calibrated at 0 and 100% oxygen saturation before sampling.  
Partial Pressure of Carbon Dioxide (pCO2) Measurements 
In-situ pCO2 measurements were made by connecting a portable infrared gas analyzer 
(EGM-4, PP Systems) via a peristaltic pump and Liqui-Cel Membrana MiniModule membrane 
connector to the underway system of the R/V Blue Heron that is supplied with surface water 
from Lake Superior at approximately 5 m in depth. The Liqui-Cel Membrana MiniModule 
membrane connector had a continuous flow rate of 0.7 liter per minute (L min-1). The gases 
stripped from the sample water by the Liqui-Cel Membrana MiniModule were sent to the EGM-
4 to go an in-situ pCO2 reading. Readings for pCO2 were recorded every ten minutes both 
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underway and at stations sampled. Prior to sampling, the EGM-4 was calibrated a gas calibration 
standard of 2000 parts per million (ppm). The instrument accuracy is approximately 1% within a 
detection limit between 0 and 1,000 ppm (EGM-4 manual, 
http://old.vtpup.cz/common/manual/PrF_biofyz_PPSystems_EGM4_manual_EN.pdf). 
Atmospheric pCO2 values were reference from the WLEF-TV (LEF) tall tower 
observatory operated by National Oceanic and Atmospheric Administration Earth System 
Research Laboratory Global Monitoring Division in Park Falls, Wisconsin (4594.51’N, 
9027.32’W, 472 mean area sea level, Figure 4.1) (http://www.esrl.noaa.gov/gmd/ccgg/towers/). 
Daily atmospheric pCO2 measurements value were taken and averaged as a representative daily 
atmospheric pCO2 measurement value.  
Isotope Sampling and Analysis 
Oxygen-18 (δ18ODO) 
Samples for 18O of dissolved oxygen (δ18ODO) were collected directly from the Niskin 
bottles into 7-mL Labco Exetainers with Teflon-silicon septa and allowed to overflow until 
completely full to ensure no air bubbles. Samples were preserved with 25-40 microliters (L) of 
saturated mercuric chloride (HgCl2), sealed with parafilm and stored at room temperature in the 
dark until analysis.  
Isotope measurements for δ18ODO were performed at the G.G. Hatch Isotope Laboratory 
at the University of Ottawa. Water samples were equilibrated with helium in headspace for 12 
hours followed by extraction in continuous flow on Thermo Finnigan isotope ratio mass 
spectrometer Delta XP and Thermo Finnigan GasBench II (Barth et al. 2004). The δ18ODO was 
calibrated against air enriched by +24.2‰ relative to Vienna Standard Mean Ocean Water 
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(VSMOW) and represents the value of the headspace O2. 
18O/16O isotope ratios were expressed 
in ‰ with the expected value for air-equilibrated O2 (aq):  
 δ18ODO = [(
18O/16OSAMPLE – 
18O/16OSTANDARD)/
18O/16OSTANDARD)] × 1000(‰).  
Interpretation of Isotopic Results 
The stable isotopes of oxygen (δ18O) have previously been used to discern the relative 
contributions of primary production, respiration and atmospheric exchange in aquatic systems 
(Parker et al. 2005; Trojanowska et al. 2008; Dubois et al. 2009; Bass et al. 2010; Karim et al. 
2011). Briefly, dissolved oxygen (DO) in equilibrium with the atmosphere has a signature of 
+24.2‰ Vienna Standard Mean Ocean Water (VSMOW). Oxygen-18 is discriminated against 
during respiration resulting in a higher δ18O (more positive) signature, as respiration consumes 
the lighter isotope. Photosynthesis produces DO from water. The water in Lake Superior has an 
δ18O of -10‰ leaving the resulting DO with a more negative δ18O signature (Dubois et al. 2009). 
The metabolic balance of aquatic systems can then be diagnosed with the degree of O2 saturation 
and 18ODO reflective of the activity at the time of sampling (Figure 4.2). 
Literature Review and Assembly of Dataset 
Our data was coupled with published values of δ18ODO, percent oxygen saturation and 
pCO2 at various Lake Superior locations from 1999-2001 (Russ et al. 2004, Karim et al. 2011; 
Table 4.1, Appendix, Tables S.1-2). Russ et al. (2004) sampled from April to October 2000 and 
April and August 2001 across two transects on Lake Superior, a nearshore transect near 
Keweenaw Peninsula (2000) and west to east transect (2001). Karim et al. (2011) sampled across 
Lake Superior during the mid-summer in 1999. 
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Statistical Analysis 
 A Spearman rank correlation coefficient test was utilized to analyze the relationships 
between environmental parameters and metabolic variables (% oxygen saturation, δ18ODO and 
pCO2) at a critical level of α = 0.05. The Spearman r was reported and the p-value tested to see if 
the Spearman correlation coefficient was different from 0. OriginPro 2018 was used for all 
statistical analysis. Data are presented as means ± standard deviation. 
Results 
Environmental Parameters of Lake Superior  
 Lake Superior had an invariable temperature values from the epilimnion to hypolimnion 
in May-June 2010 (Figure 4.3). Values ranged from 3.5°C to 3.8°C (average 3.6 ± 0.1°C) at the 
open lake stations across depth. Lake Superior was vertically stratified in August and September 
2010. Surface temperatures (average 14.9 ± 5.3°C) were approximately 5 times greater than at 
depth (average 3.7 ± 1.7°C) during the August sampling periods. In September 2010, 
temperatures average 9.7 ± 0.9°C (only surface depths measured). For the two western transects 
in June and August 2011, average temperatures ranged from 4.3 ± 1.7°C and 9.5 ± 6.7°C, 
respectively (Table 4.1, Figure 4.3).   
In 2010, dissolved organic carbon (DOC) concentrations ranged from 85.8 to 133.2 
micromoles of carbon per liter (μM, average 96.6 ± 12.6 μM). With vertical stratification, DOC 
increased from average 91.8 ± 7.9 μM (May 2010) to average 98.7 ± 10.1 μM (August 2010) 
with concentrations greatest in the epilimnion. Ontonagon River DOC concentrations were 
approximately 1.5 times than Baptism River and the open lake stations for both May and August. 
There was a decline in the DOC concentration from the nearshore station OL1 to the open lake 
station, Western Mooring, with a peak in DOC concentration at OL2 of 133.2 μM for the 
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September 2010 transect. DOC concentrations were not measured in June and August 2011 
(Table 4.1). 
Isotopic Estimates of Metabolism 
Oxygen Saturation and δ18ODO Relationship  
Oxygen saturation values in Lake Superior from September 1999 to August 2011 ranged 
from 82.5 to 112.0% saturation (average 99.2 ± 5.2%). δ18ODO values ranged from 21.4 to 26.0‰ 
(average 23.9 ± 1.1‰), slightly less than the atmospheric equilibrium value (Table 4.1, Figure 
4.4; Appendix, Tables S.1-2).  
When our data was plotted with Russ et al. (2004) and Karim et al. (2011), we found that 
overall δ18ODO was negatively correlated with O2 saturation (r  = -0.41, n = 196, p < 0.01; Table 
4.2). Although when the data were viewed seasonally, δ18ODO was not correlated with O2 
saturation during the mixed season (r  = -0.20, n = 68, p > 0.05; Table 4.2) but was correlated 
during the stratified season (r = -0.34, n = 121, p < 0.01; Table 4.2). During the isothermal 
season, there was a pattern with three distinct data groupings with most points in the upper left-
hand quadrant (Figure 4.4). One group contained data from April-May 2000 and April 2001, the 
second from only June 2000 and the final from June 2001. During the stratified season (July-
October), the data were variable with most samples in the lower right-hand quadrant. With the 
onset of stratification, there was a shift in the δ18ODO with values lower than 24.2‰. After 
destratification, there was an increase in δ18ODO (Table 4.1, Figure 4.4; Appendix, Tables S.1-2).  
Percent oxygen saturation revealed a different pattern. During stratification, there was a 
wide variability in values with no clear trend above or below 100% oxygen saturation. With the 
breakdown of stratification, the mixed values appeared to fall below 100%, with the exception of 
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the June 2011 samples (Table 4.1, Figures 4.4; Appendix, Tables S.1-2). Depth did not show any 
clear pattern between δ18ODO and O2 saturation (Figure 4.4).  
Discussion  
 Numerous methods have been employed to assess the C budget of Lake Superior 
including bottle and chamber incubations, diel cycle changes of O2 and CO2, ecosystem budgets, 
and more recently, isotopic analysis and measurement of partial pressures of O2 and CO2 in 
surface waters (Staehr et al. 2012). These studies have yielded conflicting results as to the 
metabolic state of Lake Superior (del Giorgio et al. 1997; Cole and Caraco 2001; Hanson et al. 
2004; Urban et al. 2005; Alin and Johnson 2007). With the combination of isotopic analysis and 
measurement of partial pressure of O2, we were able to assess Lake Superior’s metabolic balance 
from 1999 to 2011 and the impending changes that have occurred over time (Russ et al. 2004; 
Karim et al. 2011).  
A Historical and Current Perspective on the Metabolic Balance of Lake Superior 
The metabolic balance of Lake Superior is predominately driven by external OC fluxes to 
the lake and the magnitude of in-situ primary production (del Giorgio and Peters 1994). From 
October through June, with the exception of surface ice formation, the majority of Lake Superior 
is mixed at open lake stations. During the winter, ice formation and weak stratification impedes 
gas exchange with the atmosphere. Our data suggest the lake was heterotrophic in the spring as it 
was undersaturated in oxygen and δ18ODO was greater than that of atmospheric oxygen (Table 
4.1, Figure 4.4) suggesting respiratory processes dominate Lake Superior during May. The 
delivery of external DOC by the spring freshet is the likely source of the respiratory substrate 
(Marcarelli et al. 2018). When stratified (July-September), values tend to shift to oversaturation 
in dissolved oxygen for the surface layer and a δ18ODO less than atmospheric oxygen suggesting 
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that production is greater than respiration (Table 4.1, Figure 4.4). Karim et al. (2011) reported a 
similar trend in Lakes Erie and Huron during a similar sampling period.  
Previous measurements from 1999-2001 show an interesting seasonal pattern (Russ et al. 
2004; Karim et al. 2011). A counter clockwise progression can be seen in the data transitioning 
from a “respiration-dominated” system (quadrant II) to “neutral” (quadrant III) to a “production-
dominated” system (quadrant IV, Figure 4.4). When the system begins to stratify in June-July, 
the data become more scattered indicating the lake is in a transitional stage between respiration 
and production domination (Figure 4.4). During the system wide shift from net heterotrophy to 
autotrophy, June 2000 falls squarely in quadrant III representing a balance between the two 
processes. Although the system remains stratified in August and September, the system begins 
the shift from autotrophy (quadrant IV) to neutral (quadrant III) with a return back to 
heterotrophy (quadrant II) in October 2000. This cycle continues in April 2001 as a “respiration-
dominated system” with a subsequent shift to a “production-dominated” system in August 2001 
(Figure 4.4). In this study, our sampling efforts focused on thermally stratified and transitional 
periods (August, September 2010 and June, August 2011; Figure 4.4). The addition of August 
2010 and 2011 data confirm that this month is a transition month for the lake. With four years of 
August data, points are almost always depleted for δ18ODO, but there is a wide range of variability 
in the percent oxygen saturation (87-112%, Figure 4.4).  
Surface water temperatures in Lake Superior have increased by approximately 2.5°C 
from 1979-2006, which is significantly greater than regional atmospheric temperatures (Austin 
and Colman 2007). Austin and Colman (2008) have suggested that declining winter ice has 
resulted in an earlier onset and duration of stratification. Specific to this study, in the past decade 
since 1999, surface water temperatures have increased approximately 1-2°C since data was 
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collected by Russ et al. (2004) and Karim et al. (2011). In April 2000, Lake Superior had an 
oxygen saturation value of 92.7 ± 1.0% (Russ et al. 2004). Although we did not take 
measurements in April 2010, EPA monitoring was completed. The lake had an oxygen saturation 
of 95.9 ± 1.1% (EPA), 3.2% higher than 2000, with a rise in temperature by ~1°C (Table 4.3). 
Russ et al. (2004) measured oxygen saturation values of 95.3 ± 1.1% in May 2000 whereas we 
measured significantly higher values of 98.4 ± 0.7% in May a decade later (Table 4.3). 
Conceivably, a portion of this increase may be a result of our 2 week later sampling period in 
May, but we hypothesize our higher oxygen saturation values reflect an earlier transition to the 
stratification period. Oxygen saturation values remained well below atmospheric when measured 
on June 22, 2000 (94.1 ± 1.1%) with concurrently depleted 23.1 ± 0.4‰ δ18ODO suggesting the 
lake is beginning the transition from spring net heterotrophy to summer autotrophy (Russ et al. 
2004; Table 4.3, Figure 4.4). Russ et al. (2004) anticipated a net autotrophic system in June, due 
to observations of high diatom biomass and decreases in silica concentrations. Although a shift 
towards autotrophy was reflected in lower δ18ODO, the system remained undersaturated in O2, 
suggesting the initial rates of primary production were not of enough significance to override the 
pervasive heterotrophic signal during water column overturn (Figure 4.4). In contrast, the lake 
was already supersaturated in oxygen when we sampled June 14-20, 2011 (106.1 ± 3.5%) and 
δ18ODO was in equilibrium with the atmosphere (24.2 ± 0.1‰, Table 4.3). August 2011 showed 
an increased average oxygen saturation from 99.9 ± 3.2% (August 2000) and 100.7 ± 6.8% 
(August 2001) to 105.5 ± 2.5%, respectively a decade later from Russ et al. (2004) (Table 4.3, 
Figure 4.4). August 2001 spanned across quadrants III and IV, whereas with increased 
temperature, predicted earlier stratification and longer duration of stratification, August 2011 is 
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fully net autotrophic (Figure 4.4). This data suggest an autotrophic state remains nutrient 
supported for an extended bloom. 
Factors Manipulating Trophic State 
This seasonal transition between net respiration and production exhibited in Lake 
Superior is controlled by various factors. In the spring when Lake Superior is mixed, respiration 
is generally greater than production. Water column mixing allows resuspension from bottom 
sediments (Biddanda and Cotner 2002; Russ et al. 2004; Atilla et al. 2011; Bennington et al. 
2012), and influx of terrestrial matter is available due to increased riverine inputs from snowmelt 
and elevated precipitation (Biddanda and Cotner 2002; Russ et al. 2004; Marcarelli et al. 2018). 
This introduction of terrestrial organic carbon to the system can stimulate bacterial respiration at 
low temperatures fueling the flux of carbon from the lake to the atmosphere - a net heterotrophic 
system. CO2 solubility is negatively related to temperatures. Therefore, at lower temperatures, 
pCO2 concentrations will be higher due to increase gas solubility at lower temperatures. With the 
onset of stratification in late June-early July, there is a shift to net autotrophy (Figure 4.4). 
Chlorophyll a and temperature increase suggesting an increase in phytoplankton growth, biomass 
and productivity and a decrease in CO2 solubility (Table 4.1). Phytoplankton production reduces 
the dissolved inorganic carbon (DIC) resulting in the lake acting as a sink for CO2. This net 
autotrophy is further supported by the lack of influx of terrestrial organic carbon to fuel 
heterotrophic respiration and a thermocline that creates a barrier for resuspension from the 
hypolimnion (Biddanda and Cotner 2002; Russ et al. 2004). This shift in metabolic state was 
supported by the pCO2 fluxes from the system shifting from a source in May 2010 to a sink in 
August 2010 and a source in September 2010 (Refer to Chapter 3; Table 4.1). With the cooling 
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in the fall into winter stratification, the system resets with mixing and once again becomes a 
respiration-dominated system (Figures 4.4 from October 2000 to April 2001).  
Biogeochemically, the quality of DOC can influence the trophic status of Lake Superior. 
Previous work has shown that there is often higher respiration with allochthonous sources but 
lower growth efficiency (Biddanda and Cotner 2002; Russ et al. 2004). The quality of DOC can 
also be influenced by its age. Zigah et al. (2017) used radiocarbon analysis to look at the carbon-
14 (14C) of high molecular weight (HMW) DOC, DIC and atmospheric CO2. From his findings, 
Lake Superior, when mixed, had radiocarbon values of HMW-DOC more 14C-depleted (older) 
than DIC and atmospheric CO2 (Zigah et al. 2017). For DOC to have this type of signature, it 
must be derived from sources other than primary production. During stratification, there was a 
14C-enrichment (younger) of the HMW DOC indicating planktonic photosynthesis (Zigah et al. 
2017). These findings are supported in this study by indicating a shift from net heterotrophic to a 
net autotrophic system.  
Variations with temperature, availability of nutrients and light can also impact the trophic 
status (Russ et al. 2004). During stratification, temperature was found to be an important driver 
controlling bacteria in the western and central regions of the lake, but not the eastern region. R:P 
ratios are low in this region due to nutrients and light. Light is not a limiting feature to 
production with light penetration reaching approximately 30 meters (Russ et al. 2004). With an 
increased range of photosynthesis possible, more nutrients may be available for use within the 
hypolimnion. Higher concentrations of nutrients are also entering into the eastern side of the lake 
(Russ et al. 2004). Such a spatial difference in the metabolic state of the hypolimnion was seen 
between August 2010 and 2011. In August 2010, Central and Eastern Mooring (Quadrant II) are 
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more “respiration-dominated” unlike August 2011 where Western Mooring is more “production-
dominated” as expected (Quadrant IV, Figure 4.4).  
Effects of Climate Change on Lake Superior’s Metabolism 
It is known that climate change is causing a significant impact on the Great Lakes and 
there are numerous effects to be expected, some of which have been documented in the 
literature: increase in surface water temperature leading to a decline in ice cover and earlier 
stratification (Austin and Colman 2007, 2008), increase in wind speed and subsequent rise in 
mixed-layer depth (Austin and Colman 2007; Desai et al. 2009), increase in extreme weather 
events (Williamson et al. 2008), and changes in the thermocline structure (Austin 2013). From 
these physical changes, the biogeochemistry is expected to be impacted including, but not 
limited to, a change in water pH, extended intervals of anoxia, and an increase in algal species 
(Reed et al. 2018). With these physical and environmental changes occurring, there has been a 
lack of understanding on how Lake Superior’s biology and more importantly, its metabolism has 
responded. The importance of the processes that contribute to the lake carbon balance will alter 
with climate change. It is hypothesized that decreasing ice coverage will increase algal blooms 
resulting in the lake acting as a carbon sink (Lehman 2002). On the other hand, longer and 
stronger stratification and higher terrestrial inputs from extreme events could support the lake as 
a carbon source (Reed et al. 2018). Our data provide the first empirical evidence to support an 
increase in temperature leading to earlier stratification and a prolonged phytoplankton bloom 
compared to a decade earlier and the impact it is having on the metabolic balance of the lake. A 
comparison between 2000 and 2010-2011 reveals that temperature has increased by 
approximately 1-2°C, and percent oxygen saturation has increased (Tables 4.1, 4.3, Figure 4.4; 
Appendix, Tables S.1-2). This is supported by previous work that has seen an increase in 
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temperature leading to an increase in metabolic rates (photosynthesis and/or respiration) 
(Lehman 2002). More phytoplankton will lead to a stronger signature of photosynthesis and a 
greater output of oxygen, all contributions for making a system net autotrophic. As climate 
change continues, an increase in temperature, longer duration of stratification, and increased 
mixed depth would potentially shift the metabolism to having a reduced spring net heterotrophy 
and an increase in duration of summer net autotrophy.   
Conclusions    
 Through the use of δ18ODO coupled with percent oxygen saturation, the metabolic state of 
Lake Superior was assessed. The oxygen saturation and its isotopic composition revealed that 
Lake Superior undergoes a seasonal shift from being net heterotrophic to net autotrophic before 
the cycle resets in the late fall-early winter strongly controlled by the biology of the system. With 
the inclusion of this study to the decade of historical data from 1999 to 2011, Lake Superior has 
shown an increase in surface water temperatures by 1-2°C leading to earlier stratification and 
longer periods of phytoplankton blooms. These factors have contributed to Lake Superior being 
supersaturated with oxygen earlier than previous recorded resulting in a system with a shorter 
heterotrophic spring and a longer autotrophic summer. By changing the duration of the 
metabolism, the carbon balance of the lake will ultimately be influenced.  
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Table 4.1. Physical and chemical properties of Lake Superior between May 2010 and August 2011. Temperature (°C); dissolved 
organic carbon (DOC, micromoles of carbon per liter, μM); oxygen saturation (O2sat, %); partial pressure of carbon dioxide (pCO2, 
microatmosphere, µatm); isotopic composition of dissolved oxygen (δ18ODO, ‰, Vienna Standard Mean Ocean Water, VSMOW). 
Values represent an average with a range of the values in parentheses. 
 
Sampling Date Station Temperature DOC O2sat  pCO2*  δ
18ODO  
May-10 
Western Mooring 3.5 90.1 (88.0-94.0) 99.2 (99.1-99.3) 373 ndǂ 
Central Mooring 3.4 (3.4-3.5) 89.5 (88.0-90.6) 97.8 (97.5-98.0) 456 ndǂ 
Northern Mooring 3.7 (3.6-3.8) 87.8 (86.6-89.6) 98.9 (98.5-99.2) 445 ndǂ 
Eastern Mooring 3.7 (3.6-3.7) 88.1 (87.9-88.3) 98.1 (97.8-98.2) 442 ndǂ 
Southern Mooring 3.8 (3.6-3.9) 87.0 (86.1-87.8) 98.1 (97.3-98.7) 442 ndǂ 
Ontonagon River* 8.1 109 109.3 218 ndǂ 
Baptism River* 4.4 92.9 101.2 356 ndǂ 
Aug-10 
Western Mooring 6.5 (3.8-11.3) 94.4 (90.2-97.0) 101.5 (98.0-105.7) 381 23.1 
Central Mooring 8.3 (3.7-17.1) 87.0 (83.0-91.0) 100.9 (97.9-102.6) 378 23.5 (23.0-24.5) 
Eastern Mooring 8.5 (3.7-17.3) 90.8 (85.8-99.1) 99.5 (99.5-101.7) 364 23.7 (22.9-24.5) 
Southern Mooring 9.4 (3.7-18.8) 89.9 (83.8-96.8) 103.2 (96.7-111.1) 350 23.1 (21.4-24.5) 
Ontonagon River* 19.2 118 99.7 364 ndǂ 
Baptism River* 5.9 90.4 101.2 453 23.6 
Sep-10 
OL1* 10.8 90.7 98.3 461 24.8 
OL2* 8.8 133.2 103.4 401 23.9 
OL3* 10 97.2 100.9 428 ndǂ 
Western Mooring* 9 85.8 102.4 382 23.5 
Jun-11 
Northern Mooring 3.2 ndǂ 105.3 (100.0-108.0) ndǂ 24.3 (24.2-24.4) 
Far Eastern Mooring 3.0 (2.9-3.0) ndǂ 106.6 (102.7-108.5) ndǂ 23.2 (23.1-23.5) 
Western Mooring 3.3 ndǂ 107.2 (102.8-109.8) ndǂ 24.2 (23.0-24.3) 
Central Mooring 3.3 (3.2-3.3) ndǂ 104.7 (100.5-107.0) ndǂ 24.1 (23.9-24.1) 
Aug-11 
OL4± 9.3 (3.9-18.9) ndǂ 104.8 (102.5-107.4) 333 23.7 (22.8-24.3) 
Western Mooring 9.1 (3.8-18.6) ndǂ 106.9 (103.6-111.6) 385 23.5 (23.0-24.3) 
OL5± 9.4 (4.1-18.8) ndǂ 105.3 (103.2-107.3) 365 23.2 (23.1-23.5) 
OL6± 8.1 (3.9-15.3) ndǂ 105.7 (103.7-107.9) 407 23.7 (23.1-24.2) 
OL7*± 13.6 ndǂ 103.4 404 ndǂ 
* Surface measurements only; ± OL refers to open lake samples ǂ Not determined               
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Table 4.2. Spearman correlation coefficients associated with environmental parameters and metabolic variables for sampling from 
May 2010 to August 2011. Spearman correlations (r) are above and p-values are below for each relationship. Statistically significant 
correlations when p ≤ 0.05 (in bold).  
  Temperature 
Chlorophyll 
a 
CDOM DOC DIC O2sat pCO2 δ18ODO 
Temperature 
Spearman 
Corr. 
1.00 0.09 0.28 0.55 -0.79 0.36 -0.26 -0.58 
 p-value -- 0.47 0.03 0.00 0.00 0.00 0.10 0.00 
Chlorophyll 
a 
Spearman 
Corr. 
0.09 1.00 0.14 0.14 -0.07 0.44 0.18 -0.11 
 p-value 0.47 -- 0.30 0.43 0.72 0.00 0.41 0.51 
CDOM 
Spearman 
Corr. 
0.28 0.14 1.00 0.21 0.05 -0.45 0.32 -0.14 
 p-value 0.03 0.30 -- 0.23 0.79 0.00 0.15 0.42 
DOC 
Spearman 
Corr. 
0.55 0.14 0.21 1.00 -0.33 0.56 -0.46 0.23 
 p-value 0.00 0.43 0.23 -- 0.07 0.00 0.10 0.45 
DIC 
Spearman 
Corr. 
-0.79 -0.07 0.05 -0.33 1.00 -0.56 0.38 0.09 
 p-value 0.00 0.72 0.79 0.07 -- 0.00 0.20 0.80 
O2sat 
Spearman 
Corr. 
0.36 0.44 -0.45 0.56 -0.56 1.00 -0.06 -0.41 
 p-value 0.00 0.00 0.00 0.00 0.00 -- 0.69 0.00 
pCO2 
Spearman 
Corr. 
-0.26 0.18 0.32 -0.46 0.38 -0.06 1.00 0.63 
 p-value 0.10 0.41 0.15 0.10 0.20 0.69 -- 0.00 
δ18ODO 
Spearman 
Corr. 
-0.58 -0.11 -0.14 0.23 0.09 -0.41 0.63 1.00 
 p-value 0.00 0.51 0.42 0.45 0.80 0.00 0.00 -- 
 
 
 
139 
Table 4.3. Historical (2000) and this study’s (2010-2011) average surface percent (%) oxygen 
saturation and temperature (°C) values for April, May, June and August in Lake Superior.  
 
  April 
  % Oxygen Saturation Temperature (°C) 
2000 92.7 2.7 
2010 95.9* 3.8* 
  May 
  % Oxygen Saturation Temperature (°C) 
2000 95.3 2.8 
2010 98.4 4.0 
  June 
  % Oxygen Saturation Temperature (°C) 
2000 94.1 3.0 
2011 106.1 4.5 
  August  
  % Oxygen Saturation Temperature (°C) 
2000 99.8 12.9 
2010 105.5 14.9 
*EPA Glenda Query  
2000: Russ et al. 2004  
2010-2011: This Dataset  
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Figure 4.1. Sampling map of Lake Superior for cruises May 2010-August 2011. WLEF-TV 
(LEF) tall tower observatory marked as reference point for atmospheric pCO2 values.  
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Figure 4.2. General effects of production, respiration and atmospheric exchange on the isotopic 
composition of dissolved oxygen, δ18ODO, and the degree of oxygen saturation. Adapted from 
(Dubois et al. 2009; Karim et al. 2011). 
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Figure 4.3. Representative temperature profiles for Western and Eastern Mooring during May 
2010 isothermal (A.) and August 2010 stratified (B.) conditions. Refer to Appendix, Tables S.1-2 
for historical temperatures.   
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Figure 4.4. The relationship between the isotopic composition of dissolved oxygen, δ18ODO 
versus oxygen saturation [%] in Lake Superior from September 1999 to August 2011 (n = 196). 
The solid lines indicate equilibrium with atmospheric oxygen and 100% oxygen saturation. The 
mixed season is October-June; the stratified season is July-September. Published data from 
September 1999 (Karim et al. 2011) and April 2000-August 2001 (Russ et al. 2004) (Appendix, 
Tables S.1-2). August 2010 – August 2011 were samples collected in this study. Values equal to 
100% oxygen saturation and 24.2‰ represent a system at atmospheric saturation. Points that fall 
into quadrant II represent net heterotrophy (R:P > 1). Points that fall into quadrant III represent a 
balance of respiration and photosynthesis. Points that fall into quadrant IV represent net 
autotrophy (R:P < 1) (Adapted by Russ et al. 2004). 
 
 
 
 
 
 
 
 
144 
 
 
 
 
 
 
 
 
CHAPTER 5.  
Final Conclusions and Future Work 
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Final Conclusions  
Large lakes serve an essential function in the global carbon cycle by acting as conduits in 
which terrestrial carbon is effluxed to the atmosphere (Alin and Johnson 2007). Lake Superior, 
the world’s largest lake by area, has a poorly quantified and understood lake-wide seasonal 
carbon cycle (Cotner et al. 2004; Urban et al. 2005). The goal of this dissertation was to view the 
spatial and temporal variability on biogeochemical processes that impact carbon cycling of Lake 
Superior. Considering the amount of carbon that is being processed within the lake, the gaps in 
measurements and the imbalance of the carbon budget, there is a need for better quantification of 
these fluxes in order to improve our understanding not only on Lake Superior’s carbon cycle, but 
also the global carbon cycle (Cotner et al. 2004; Urban et al. 2005; Sterner 2010). The work of 
this dissertation addresses this specifically through a combination of novel approaches during 
isothermal and stratified periods (May 2010-August 2011) across nearshore and offshore 
locations on Lake Superior. 
Lake Superior’s carbon budget is imbalanced, with respiration dominating and higher 
outputs than inputs (Cotner et al. 2004; Urban et al. 2005; Sterner 2010). Previous research has 
attempted to provide an explanation and shrink the imbalance (Cotner et al. 2004; Urban et al. 
2005; Sterner 2010; McKinley et al. 2011; Bennington et al. 2012). Spatial and temporal 
respiration rates and dissolved organic carbon (DOC) lability experiments are lacking in Lake 
Superior. In this dissertation, short and long-term carbon consumption was measured (Chapter 
2). Understanding the timescales of DOC consumption is important when considering the fate of 
carbon and how it is transported and transformed within a system (Guillemette and del Giorgio 
2011). This study showed that the concentrations of DOC and subsequent bacterial consumption 
was modulated with and between seasons due to physical forcing, vicinity to rivers and 
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variations in primary production (Chapter 2). Bioavailability (short versus long-term) of DOC is 
regulated autonomously and responds to changes in the DOC pool and environment differently. 
Spatially, there was a vertical gradient that is present across the lake suggesting that metabolism 
is driven by the supply of labile DOC from senescing phytoplankton and sloppy grazing (Figures 
2.2-2.3) (Auer and Bub 2004; Auer and Powell 2004) unlike what previous findings suggest 
(Auer and Powell 2004; Hicks et al. 2004). With increased terrestrial inputs along the nearshore 
transect, the variability in rates from nearshore to open lake suggest that there are photolytic 
processes enhancing the handling of the terrestrial matter by the microbial communities 
(McManus et al. 2003; Cotner et al. 2004; Urban et al. 2004, 2005; Zigah et al. 2011, 2012b; a, 
2014, 2017). Unlike previous studies (Cotner et al. 2004; Urban et al. 2004; Bennington et al. 
2012) that have used the short-term consumption rates to develop a whole-lake respiration value, 
this study coupled the short and long-term consumption rates resulting in an respiration estimate 
of 5.6 and 15.1 Tg C yr-1 (Table 2.2, 2.8). These respiration rates suggest that whole-lake 
respiration estimates are too large due to extrapolation from the western arm and Keweenaw 
Peninsula.  
Partial pressure of carbon dioxide (pCO2) was directly measured spatially and temporally 
across Lake Superior during isothermal and stratified periods (Chapter 3). This novel approach 
increased the breadth of pCO2 measurements throughout nearshore and open lake transects to 
provide more comprehensive coverage and identify potential hot spots of metabolic activity. 
pCO2 measurements supported a temporal switch in metabolism as Lake Superior is considered a 
source of CO2 to the atmosphere in the spring and a sink in the summer (McManus et al. 2003; 
Atilla et al. 2011; Karim et al. 2011; Bennington et al. 2012). Previous measurements of partial 
pressure of carbon dioxide (pCO2) have been centralized to one area of the lake (Kelly et al. 
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2001; McManus et al. 2003), indirectly measured (Atilla et al. 2011; Minor et al. 2019) or 
modeled (Bennington et al. 2012). These measurements are unable to capture the full seasonal 
cycle and accuracy/precision of the measurements are unknown. Although our sampling efforts 
did not capture a full annual CO2 cycle either, our approach allowed us to see hot spots that vary 
spatially and temporally across the lake that previously have been missed (Figures 3.2-3.5). 
Biological processes that control these CO2 dynamics are not only changing seasonally, but 
spatially as well. 
The biology of the lake, more specifically the algae that absorb carbon and the microbes 
that release CO2 through respiration, strongly control Lake Superior’s processing of carbon. This 
was seen with our pCO2 (Chapter 3) and δ
18ODO/percent oxygen saturation results (Chapter 4). 
Both datasets revealed that Lake Superior undergoes a seasonal shift between heterotrophy and 
autotrophy. Further, over the past decade from 1999 to 2011, surface water temperature has 
increased by 1-2°C (Austin and Colman 2008). This increase in temperature has led to Lake 
Superior stratifying earlier leading to prolonged phytoplankton blooms (Lehman 2002; Austin 
and Colman 2007, 2008; Austin 2013). These conditions gave rise to higher rates of oxygen 
production and Lake Superior being more autotrophic earlier than previously seen (Russ et al. 
2004; Karim et al. 2011). No study has documented the impact of climate change on the biology 
of Lake Superior thus far.  
Understanding the length and magnitude of environmental change is difficult due to the 
scarcity of historical data in Lake Superior (O’Beirne et al. 2017). Although climate change has 
been documented (Figure 5.1) in Lake Superior (Lehman 2002; Austin and Colman 2007, 2008; 
Desai et al. 2009; Evans et al. 2011; Zigah et al. 2011; Marcarelli et al. 2018), its effects have not 
been acknowledged spatially or temporally. The state of the lake is expected to change in 
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response to climate, specifically, temperature, stratification, ice coverage, mixing depth, and 
metabolism (Figure 5.1).  
Future Work 
Knowledge is necessary of the mechanisms that are controlling and regulating the 
degradation and preservation of organic carbon in order to properly evaluate the net impact of 
carbon processing within these inland systems. With the imminent changes set to occur for the 
Great Lakes, more specifically Lake Superior, there is a necessity for better measurements of 
carbon consumption and lability, respiration, and pCO2 that increase in duration both spatially 
and temporally. This dissertation aimed to close the gaps of our knowledge, but more research 
needs to be done. Lability of carbon both nearshore and open lake would be beneficial. With 
only one documented study in Lake Superior, there is a poor understanding about this pool of 
carbon (Powell and Auer 2010). Although models (Bennington et al. 2012) provide a more 
comprehensive view of Lake Superior, there is room for improvement with the addition of 
variables and finer resolution. Direct measurements with spatial and temporal variability will 
either support or disprove model results.  
Past research has been done on primary production (Sterner 2010). The work provided 
new primary production values for Lake Superior that are more constrained than before (Cotner 
et al. 2004; Urban et al. 2005). Therefore, a source of error is in respiration, the largest value of 
the lake’s carbon budget. There is a necessity to have open lake and year-round measurements 
for respiration to gain a better grasp on the rates. The rate presented in this dissertation adds 
value to our knowledge with the combination of the short and long-term consumption (Chapter 
2; Tables 2.2, 2.8), but it is still an underestimate as it does not cover an annual cycle. Direct 
measurements also need to be improved for pCO2. The current indirect measurements lack 
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proper protocols and techniques that can be used with confidence. Our results show that Lake 
Superior has a temporal shift from being a source to a sink and this shift varies spatially across 
the lake (Chapter 3). Although we were unable to sample continuously through the year and our 
extrapolation of flux is an underestimation (Chapter 3; Table 3.3), the direct measurements 
provide a clearer picture on how the lake functions over space and time. To understand the lake’s 
role as a carbon source or sink, year-round sampling with more lake coverage is required. 
Currently, our understanding of Lake Superior in the wintertime is a mystery. Because of this, 
robust estimates of annual carbon fluxes for Lake Superior are lacking, a surprising limitation 
given the importance as the one of the largest inland waters on Earth. Although the 
Environmental Protection Agency (EPA) provides measurements for the lake as an accessory 
long-term dataset, measurements are only take twice a year in April and August in the open lake 
(EPA). The results from this dissertation show a near to offshore variability in respiration, DOC 
lability (Chapter 2) and pCO2 (Chapter 3) further indicating a need for additional offshore 
monitoring. Previous research has extrapolated values from the western arm of the lake leading 
to a lack of understanding about whole lake processes and an underestimate/overestimate in rates 
(McManus et al. 2003; Cotner et al. 2004; Urban et al. 2005).  
Overall, this study has introduced novel methodology that has previously not been 
utilized and future use of such would significantly improve our understanding of Lake Superior 
and its biogeochemical processes. The challenges that are faced in this system need to be 
addressed as Lake Superior continues to be impacted by climate change. Our understanding of 
this lake is not only important for this system, but the contributions it has on a bigger scale to the 
global carbon cycle.   
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Figure 5.1. Conceptual diagram of physical and biological impacts from future climate change 
on Lake Superior (Lehman 2002; Austin and Colman 2007, 2008; Desai et al. 2009; Evans et al. 
2011; Zigah et al. 2011; Marcarelli et al. 2018). 
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Table S.1. Latitude (decimal, north); longitude (decimal, west); sample depth (meters); temperature (°C); pH; oxygen saturation (O2sat, 
%); isotopic composition of dissolved oxygen (δ18ODO, ‰, Vienna Standard Mean Ocean Water, VSMOW); isotopic composition of 
inorganic carbon (δ13CDIC ‰, Vienna Pee Dee Belemnite, VPDB); partial pressure of carbon dioxide of water and atmosphere (pCO2, 
microatmospheres, µatm) for Lake Superior, September 1999 (Karim et al. 2011). 
 
Sampling 
Date 
Latitude  Longitude  
Sample 
Depth  
Water 
Temperature  
pH O2sat  δ
18ODO      δ
13CDIC  Water pCO2  ATM pCO2  
Sep-99 
46.9 -85.17 3 17.10 8.13 102.30 22.7 0.84 372 365 
47.03 -85.52 3 15.80 8.13 104.90 23.1 1.43 364 365 
47.03 -85.52 3 15.30 8.23 104.80 23 1.18 253 365 
47.31 -86.23 3 15.60 8.16 103.00 23.1 1.31 339 365 
48.73 -87.17 3 14.90 8.21 94.40 22 1.39 263 365 
47.59 -86.96 3 10.70 7.98 96.00 23 1.24 157 365 
47.32 -90.7 3 10.40 8.28 103.00 23.1 1.08 232 365 
48.28 -88.6 3 9.30 8.07 106.50 23 0.62 362 365 
48.28 -88.6 3 10.30 7.97 105.00 23.2 0.04 462 365 
47.13 -91.14 3 8.00 8.18 107.30 22.9 0.5 249 365 
47.13 -91.14 3 11.60 8.10 101.20 23.1 0.49 323 365 
47.23 -90.44 3 11.00 8.16 104.20 23.4 0.95 294 365 
47.28 -90.13 3 9.40 8.22 104.20 22.7 1.03 250 365 
47.34 -89.79 3 12.20 8.30 102.40 22.5 1.2 205 365 
47.42 -89.25 3 12.40 8.33 99.20 22.8 1.27 208 365 
47.6 -88.64 3 12.60 8.27 97.40 22.9 1.41 227 365 
47.62 -88.13 3 13.60 8.23 97.80 22.9 1.41 260 365 
46.9 -85.17 44 11.15 8.01 87.6 22.9 1.26 448 365 
47.34 -89.79 22.5 7.47 8.4 95.3 23 0.78 157 365 
46.9 -85.17 54 5.12 7.51 98.6 23.2 0.2 1207 365 
47.59 -86.95 75 3.99 7.98 98.6 23.6 0.25 422 365 
47.34 -89.79 110 3.76 8 106.1 23.4 0.1 403 365 
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Table S.2. Station ID; latitude (decimal, north); longitude (decimal, west); sample depth (meters); temperature (°C); oxygen saturation 
(O2sat, %); isotopic composition of dissolved oxygen (δ
18ODO, ‰, Vienna Standard Mean Ocean Water, VSMOW) for Lake Superior, 
April 2000-August 2001 (Russ et al. 2004). 
 
Station Sampling Date 
Latitude  Longitude  
Sample 
Depth  
Water 
Temperature  
O2sat  δ18ODO      
HN050 
Apr-00 
47.28667 -88.615 5 2.71 92.10 25.04 
HN050 47.28667 -88.615 25 2.70 91.40 25.10 
HN050 47.28667 -88.615 50 2.74 94.50 25.24 
HN090 47.31667 -88.64667 5 2.81 92.40 25.54 
HN090 47.31667 -88.64667 15 2.80 94.20 25.52 
HN090 47.31667 -88.64667 30 2.79 92.80 25.11 
HN090 47.31667 -88.64667 50 2.83 91.30 25.33 
HN210 47.405 -88.73667 5 2.52 93.60 25.17 
HN210 47.405 -88.73667 15 2.53 92.80 25.29 
HN210 47.405 -88.73667 30 2.53 92.80 25.72 
HN210 47.405 -88.73667 50 2.51 92.00 25.23 
HN050 
May-00 
47.28667 -88.615 5 3.10 109.28 25.00 
HN050 47.28667 -88.615 15 3.09 107.37 25.15 
HN050 47.28667 -88.615 25 3.07 95.30 25.41 
HN050 47.28667 -88.615 50 3.07 96.00 25.17 
HN090 47.31667 -88.64667 5 3.09 95.70 25.11 
HN090 47.31667 -88.64667 20 3.06 94.10 25.07 
HN090 47.31667 -88.64667 30 3.06 97.90 24.94 
HN090 47.31667 -88.64667 50 3.05 94.90 25.50 
HN210 47.405 -88.73667 5 2.87 95.30 24.97 
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HN210 47.405 -88.73667 25 2.88 94.40 24.76 
HN210 47.405 -88.73667 30 2.87 94.80 25.08 
HN210 47.405 -88.73667 50 2.88 94.40 25.25 
HN050 
Jun-00 
47.28667 -88.615 10 7.22 96.10 23.07 
HN050 47.28667 -88.615 20 7.17 94.80 22.87 
HN050 47.28667 -88.615 30 7.11 93.80 22.63 
HN050 47.28667 -88.615 50 7.05 94.40 n.d. 
HN070 47.30167 -88.63 10 5.44 94.20 23.30 
HN070 47.30167 -88.63 20 5.38 93.70 23.46 
HN070 47.30167 -88.63 30 5.29 94.30 23.39 
HN210 47.405 -88.73667 10 4.27 93.40 22.93 
HN210 47.405 -88.73667 20 4.22 94.00 n.d. 
HN210 47.405 -88.73667 30 4.18 94.80 22.47 
HN210 47.405 -88.73667 50 4.12 91.80 23.42 
HN050 
Jul-00 
47.28667 -88.615 5 14.57 103.10 23.57 
HN050 47.28667 -88.615 15 8.94 99.90 21.75 
HN050 47.28667 -88.615 25 6.54 97.30 22.85 
HN050 47.28667 -88.615 40 5.00 94.20 24.43 
HN090 47.31667 -88.64667 5 17.67 98.00 24.14 
HN090 47.31667 -88.64667 15 6.87 104.10 22.43 
HN090 47.31667 -88.64667 20 6.02 99.70 23.54 
HN090 47.31667 -88.64667 30 4.54 98.70 23.81 
HN210 47.405 -88.73667 5 16.78 101.50 24.24 
HN210 47.405 -88.73667 15 10.76 100.60 22.50 
HN210 47.405 -88.73667 30 5.11 102.40 23.01 
HN210 47.405 -88.73667 50 4.29 96.10 24.60 
HN050 
Aug-00 
47.28667 -88.615 5 18.09 98.30 24.14 
HN050 47.28667 -88.615 20 12.88 99.30 24.11 
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HN050 47.28667 -88.615 35 5.31 97.60 24.24 
HN050 47.28667 -88.615 50 4.22 94.40 26.01 
HN090 47.31667 -88.64667 5 18.51 102.70 24.01 
HN090 47.31667 -88.64667 20 8.25 104.10 22.58 
HN090 47.31667 -88.64667 30 5.90 100.70 24.07 
HN090 47.31667 -88.64667 45 4.30 95.70 25.53 
HN210 47.405 -88.73667 5 18.74 98.50 24.71 
HN210 47.405 -88.73667 20 8.12 97.00 22.40 
HN210 47.405 -88.73667 30 5.20 102.30 22.89 
HN210 47.405 -88.73667 45 4.38 96.10 25.66 
HN050 
Sep-00 
47.28667 -88.615 5 13.23 95.60 23.44 
HN050 47.28667 -88.615 15 13.24 95.96 23.83 
HN050 47.28667 -88.615 25 13.24 97.10 23.61 
HN050 47.28667 -88.615 50 7.89 91.70 24.39 
HN090 47.31667 -88.64667 5 13.08 94.80 24.38 
HN090 47.31667 -88.64667 20 13.01 93.90 24.53 
HN090 47.31667 -88.64667 30 12.65 94.60 24.50 
HN090 47.31667 -88.64667 50 9.36 92.40 24.38 
HN210 47.405 -88.73667 5 13.16 96.60 23.85 
HN210 47.405 -88.73667 20 13.07 94.50 23.78 
HN210 47.405 -88.73667 35 6.74 96.60 22.95 
HN210 47.405 -88.73667 40 5.59 102.40 22.57 
HN050 
Oct-00 
47.28667 -88.615 5 10.65 99.80 24.52 
HN050 47.28667 -88.615 15 10.64 97.70 25.04 
HN050 47.28667 -88.615 20 10.61 97.50 24.77 
HN050 47.28667 -88.615 30 5.87 93.70 25.69 
HN090 47.31667 -88.64667 5 10.86 100.60 24.47 
HN090 47.31667 -88.64667 15 10.86 101.20 24.60 
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HN090 47.31667 -88.64667 20 10.85 99.40 24.66 
HN090 47.31667 -88.64667 40 7.70 93.00 25.08 
HN210 47.405 -88.73667 5 10.48 95.80 24.42 
HN210 47.405 -88.73667 15 10.43 98.40 24.46 
HN210 47.405 -88.73667 20 10.41 94.80 24.31 
HN210 47.405 -88.73667 40 4.23 82.50 25.09 
SU01 
April-01 
46.99167 -85.165 5 1.48 95.00 25.24 
SU01 46.99167 -85.165 20 1.51 97.00 25.49 
SU01 46.99167 -85.165 30 1.50 96.00 25.14 
SU01 46.99167 -85.165 40 1.50 96.00 25.08 
SU04 47.25833 -86.34667 5 1.76 97.00 25.62 
SU04 47.25833 -86.34667 20 1.77 96.00 25.37 
SU04 47.25833 -86.34667 40 1.78 96.00 25.49 
SU08 47.605 -86.81667 5 1.85 97.00 25.41 
SU08 47.605 -86.81667 20 1.85 93.00 25.34 
SU08 47.605 -86.81667 50 1.86 96.00 25.10 
SU10 47.51333 -87.545 5 1.21 98.00 24.79 
SU10 47.51333 -87.545 20 1.19 98.00 25.23 
SU10 47.51333 -87.545 40 1.19 98.00 25.36 
SU12 47.855 -88.04167 5 1.47 98.00 25.35 
SU12 47.855 -88.04167 20 1.46 96.00 25.44 
SU12 47.855 -88.04167 50 1.46 97.00 25.42 
SU16 47.62167 -89.46167 5 1.30 94.00 25.55 
SU16 47.62167 -89.46167 20 1.30 96.00 25.01 
SU16 47.62167 -89.46167 40 1.28 97.00 25.06 
SU19 47.37 -90.85333 5 1.78 98.00 25.32 
SU19 47.37 -90.85333 20 1.77 94.00 25.32 
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SU19 47.37 -90.85333 50 1.80 97.00 25.12 
SU01 
Aug-01 
46.99167 -85.165 1 13.25 103.00 23.13 
SU01 46.99167 -85.165 5 13.25 102.00 23.32 
SU01 46.99167 -85.165 15 9.21 108.00 22.37 
SU01 46.99167 -85.165 30 6.55 104.00 22.69 
SU04 47.25833 -86.34667 2 13.59 104.00 22.82 
SU04 47.25833 -86.34667 4 13.12 100.00 22.79 
SU04 47.25833 -86.34667 11 11.09 105.00 22.50 
SU04 47.25833 -86.34667 38 4.18 92.00 23.54 
SU08 47.605 -86.81667 2 14.06 102.00 22.74 
SU08 47.605 -86.81667 5 13.37 110.00 22.64 
SU08 47.605 -86.81667 15 7.90 108.00 21.74 
SU08 47.605 -86.81667 40 4.13 87.00 23.06 
SU10 47.51333 -87.545 4 14.58 104.00 22.85 
SU10 47.51333 -87.545 6 13.60 105.00 22.38 
SU10 47.51333 -87.545 12 9.49 93.00 21.68 
SU10 47.51333 -87.545 28 5.96 91.00 23.08 
SU12 47.855 -88.04167 3 14.23 101.00 23.37 
SU12 47.855 -88.04167 5 14.11 106.00 22.65 
SU12 47.855 -88.04167 8 8.37 95.00 22.03 
SU12 47.855 -88.04167 34 4.16 96.00 23.30 
SU16 47.62167 -89.46167 2 15.32 103.00 22.87 
SU16 47.62167 -89.46167 4 15.26 110.00 23.06 
SU16 47.62167 -89.46167 11 7.79 99.00 22.02 
SU16 47.62167 -89.46167 20 6.57 89.00 22.13 
SU19 47.37 -90.85333 1 14.69 112.00 22.28 
SU19 47.37 -90.85333 3 14.63 108.00 22.44 
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SU19 47.37 -90.85333 10 8.51 103.00 22.62 
SU19 47.37 -90.85333 23 4.36 88.00 23.81 
SU22B 46.79333 -91.75 2 18.53 107.00 22.39 
SU22B 46.79333 -91.75 7 17.82 105.00 23.14 
SU22B 46.79333 -91.75 24 10.49 100.00 24.10 
SU22B 46.79333 -91.75 33 4.37 94.00 24.27 
SU22B 46.79333 -91.75 41 4.25 93.00 24.43 
SU22B 46.79333 -91.75 49 4.23 96.00 25.56 
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